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6Abstract
Managing the life cycle of products is becoming more and more important. Organizations are
facing increasing pressure from consumers and legislators to accurately measure and manage
the environmental impact of products. However, the complexities of today’s supply chains
pose a challenge for gathering accurate data throughout the life cycle of the product
The life cycle of a product can be defined as a network of entities responsible for the
procurement, manufacturing and distribution of the product. In order to enable tracing
through the dynamic supply chain, the products must be identified. The development of
automatic identification enables us to identify each object in the supply chain and trace it
through the complex and dynamic supply chain where each organization manages a part of
the chain. Thanks to traceability, we can connect the information about the products'
movements with the information about processes. In other words, we can allocate the
properties of the processes to the actual product instances involved in each process.
To be able to store the life cycle information of products, we must have a model that enables
the allocation of life cycle information to the traced product throughout the supply chain.
This dissertation defines such a model (traceability graph) that can be used to allocate life
cycle information from processes to individual products. Further, the model enables
multidimensional analyzes of data associated with the life cycle information of products and
their components. The dissertation also specifies a solution for collecting, storing and sharing
life cycle information about the product throughout its life cycle, enabling consumers to make
educated choices based on accurate information regarding products they are purchasing. The
method enables supply chain stakeholders to exchange life cycle information by utilizing the
EPCGlobal Network architecture.
The case example used in this dissertation is environmental impact information. In recent
times, consumers and legislators have become increasingly interested in the environmental
impacts of products throughout their life cycle. The biggest challenge with measuring the
environmental impact is the fact that supply chains are complex and dynamic.  A
manufacturer can use various subcontractors and supply various end manufacturers or
retailers in different countries. So far, the most common method of calculating the
environmental impact of a product has been to measure the resources used, emissions and
production for a certain period of time and then calculate the average environmental impact
of the product. This work provides methods to monitor environmental performance even at a
product level.
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1. Introduction
Product lifecycle management (PLM) is a holistic concept that integrates products, processes,
methods, models, applications and organizations which participate in environment where the
product is developed, used and supported (Grieves 2006; Ameri & Dutta 2005; Stark 2011).
This thesis presents a model and methods to collect and share product life cycle information
between supply chain stakeholders. The presented system can be seen as a product data
management (PDM) system. PDM systems control the basic data about a product and are
used to integrate and manage supply chain processes (Stark 2011).
In general, a supply chain is an ecosystem of organizations involved in providing a product to
consumers. Processes use raw materials to create finished products for consumers. In this
thesis, the term 'supply chain' is used to specify the processes that participate, directly or
indirectly, in the production and transfer of a product from suppliers to consumers.
A supply chain consists of processes following each other in a partial order. This means that
the result of a process (output flow) is used as a raw material – or component – in another
process (input flow). Processes have properties, such as resources and emissions, associated
with the result products of processes. These properties are accumulated in a supply chain, i.e.
from the data-oriented perspective, information on the preceding processes is associated with
the products and process. For example, when calculating the energy used for a product, the
route of the product must be taken into account.
In recent times, consumers and legislators have become increasingly interested in the
environmental impact of products throughout their supply chain. The biggest challenge with
measuring the environmental impact is the fact that supply chains are complex and dynamic.
Moreover, the current environmental accounting systems are not sophisticated enough and
they lack standards to exchange information in the supply chain.
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Figure 1. Global supply chains.
Parts of products are acquired from various subcontractors and the distribution of the parts
and products is managed by various logistics companies. Figure 1 illustrates this. In other
words, environmental information should be shared among stakeholders in the supply chain.
This also means that supply chains are dynamic, i.e. similar products in the store may feature
quite different supply chains. For example, a chair can be manufactured locally or transported
from another continent. Moreover, the manufacturer of the chair may have used local raw
material or raw material transported from another continent.
So far no general methods for taking into account these kinds of variations have been
presented. The environmental impact of a product is typically calculated by measuring the
emissions, resource usage and production information on a yearly basis and using this
information to calculate the yearly average impact of a product. For example, in the European
Reference Life Cycle Database (ELCD), a process data set: Spruce wood; timber; production
mix, at saw mill (PE International 2002) the average transport distance between the felling
site and the saw mill is 144 km even though the transportation distance of logs can vary from
a few kilometers to thousands of kilometers.
In order to trace the emissions generated throughout the whole life cycle of the product, we
must be able to trace the product through its supply chain. The development of automatic
identification (auto-id) enables us to identify each object in the supply chain and trace it
through the complex and dynamic supply chain where each organization manages a part of
the chain. There are numerous different marking methods for identifying products in a supply
chain, such as imprinting, the finger print method, Laser marking, Label marking, Ink jet
12
marking and transponder marking.  The usage of auto-id technologies for measuring the
environmental burden of a product has been studied in recent years, for example, in (Data et.
al, 2010; Data and Staake, 2008; Staake and Fleich 2009). The dissertation studies the use of
RFID in tracing products in the supply chain.
With traceability, we can connect the information about the products' movements with the
information about processes. In other words, we can allocate the properties of the processes –
for example, the environmental burden caused by the process – to the actual product
instances involved in each process. This work describes a case where every item is marked
with an individual tag which enables object-level traceability and life cycle information
management. Tracing can be implemented using different frequencies. For example, in some
cases the most feasible alternative would be to only mark the packages or containers of
similar products with similar supply chains. It is also possible to mark only some of the
products/patches and monitor the supply chain by means of estimates.  The marking of
individual products enables life cycle data management at item level as opposed to the
company-level reporting that is predominantly used in reporting today.
The case study used in this dissertation has been selected from manufacturing and the forest
industry and focuses on collecting life cycle information – more accurately, the
environmental impact of a product - from a forestry wood supply chain. The model and
system presented in this dissertation were tested in the Indisputable Key project funded under
the European Commission's Sixth Framework Programme. In the research project, the trees
were traced from the forest and trough the saw mill. The data gathered in the project is used
for analyzing the environmental impacts of the forestry wood supply chain with the aim of
improving the efficiency of the supply chain (Häkli et. al., 2010).
In order to be able to trace the individual products through complex supply chains and to
collect the related life cycle information from the supply chain processes, the following
questions need to be answered:
x How to model the life cycle of an individual product that can be transformed during
the supply chain processes?
x How to store the life cycle data and allocate the data to the specific objects?
x How to analyze the huge amount of life cycle data that is collected from the
traceability system?
x What kind of infrastructure is needed to collect and share the life cycle data between
supply chain stakeholders?
13
In this work, a workflow model – traceability graph - is developed (Junkkari and Sirkka,
2011; Paper II) that enables the allocation of life cycle data (e.g. environmental burden) to the
traced product throughout the supply chain. The model has the ability to manipulate
transformations of the products. A generic workflow model is developed, generalizing the
data model for the traceability system of the forestry wood supply chain (Sirkka, 2008; Paper
I).
The traceability graph is mapped to a relational data model in (Junkkari and Sirkka, 2011;
Paper III) which allows storing the life cycle data associated with processes and products
allocating the data to specific objects. The traceability cube (Sirkka and Junkkari, 2010;
Sirkka and Junkkari, 2012; Paper IV) is a method of querying and analyzing the product life
cycle information. Finally, a solution for sharing the life cycle information of a product
between supply chain stakeholders is presented (Björk et. al., 2011; Paper V) using a case
study.
Next, the motivation of this work is presented by introducing different usage cases of the
traceability graph in product life-cycle data management. Then, a short survey on workflow
models is presented. In Section 4 the traceability graph is presented in detail. Section 5
describes the usage of radio frequency identification in tracing products through supply
chain. In Section 6 the methods for analyzing the life cycle information of products are
presented. Section 7 describes how the traceability graph information can be managed and
shared in supply chains using an EPCglobal network, which is a computer network that can
be used to share product data among supply chain stakeholders. Finally, the papers
comprising the dissertation are presented and the conclusions are given in the final sections.
14
2. Motivation / Background
The traceability graph is a model for tracing, analyzing and querying data. It gives a starting
point for the provenance of the life cycle an object. Next, we introduce some practical usage
cases and their background for the traceability graph. The examples illustrate how the item-
level information of can be used to improve the efficiency of supply chains.
2.1 Environmental Accounting
The most common method used for measuring environmental performance in organizations is
to calculate the total environmental impact of the whole company. The dominant
methodologies used are the Greenhouse Gas (GHG) Protocol, which is a guideline for
organizations to estimate their greenhouse gas emissions, and the Global Reporting Initiative
reporting framework, which defines the sustainability reporting framework for the
organization. Both methods result in a total environmental burden figure for the whole
company. However, these resulting values can’t be used to measure the environmental impact
of a certain product because the emissions are not allocated to individual products.
The World Resource Institute (WRI) and The World Business Council for Sustainable
Development (WBCSD) through the GHG Protocol are developing new standard – Product
Life Cycle Accounting and Reporting Standard – that will provide a standardized method to
inventory the emissions of an individual product throughout its life cycle. The Global
Reporting Initiative (GRI), whose sustainability reporting framework is the most widely used
one in the world, has also started to develop GRI sustainability reporting guidelines in its
Supply Chain Disclosure project, in order to have sustainability reports cover the whole
supply chain's performance.
The most common approach for assessing the environmental impact of a product is the
international standard of the life cycle assessment (LCA) ISO 14040 series (International
Organization for Standardization, 1997). There are also specifications for the assessment of
the greenhouse gas emissions of products: the Publicly Available Specification (PAS) 2050
(Carbon Trust, 2008) that builds on ISO standards for the life cycle assessment by describing
the requirements for the assessment of the greenhouse gas emissions, and the ISO 14067
standard for Quantification and Communication of the Carbon footprint of a product.
Life cycle assessment is a standardized method for calculating the environmental impact
caused by a product during its life cycle. The goal of LCA is to compare the environmental
impact caused by different products so that the customer can choose the least burdensome
one.
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Life cycle assessment has four main sequential phases. The scope and functional unit of the
life cycle assessment are defined in the first phase. The scope defines those life cycle
processes, inputs and outputs  which are included in the assessment. The functional unit
defines what precisely is studied, i.e. it outlines the meaningful entity and provides reference
for inputs and outputs of the processes. A functional unit can be, for example, one cubic
meter of timber, one mobile phone or one tomato.
In the second phase, which is called life cycle inventory analysis, the input and output flows
are defined for each of the processes belonging in the assessment (see Figure 2). There are
two flow types: Elementary flows describe the process inputs and outputs – inputs of raw
materials and energy resources and outputs of waste and emissions respectively. Product
flows are used to describe the flow of products and by-products through the process. If a
process produces more than one product, an allocation is also needed. For example, in the
forest-wood industry the main product of the sawing process is a board. The sawing process
also produces wood chips and saw dust that are considered to be by-products. In this case, the
emissions caused by the sawing process can be allocated to a board, wood chips and saw dust
using a volume- or value-based allocation method.
Raw material
and Resources
Energy
Waste
Emissions
Product
By-Product
Figure 2. Process and Elementary Flows.
In the third phase of LCA called impact assessment, the results of the life cycle inventory
analysis are assigned to the impact categories which include (International Organization for
Standardization, 2000):
x Climate change
x Depletion of the stratospheric ozone layer
x Acidification of land and water sources
x Eutrophication
x Formation of photochemical oxidants
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x Depletion of fossil energy resources
x Depletion of mineral resources.
For example, emissions into the air, like carbon dioxide and methane, are assigned to the
Climate Change category and emissions like sulphur dioxide (SO2) are assigned to the
acidification potential category.
In the final phase, interpretation, conclusions of the assessment are made. The interpretation
should include the identification of significant impacts and conclusions based on these
impacts. Recommendations for improving the environmental performance should also be
made. For example, a study may reveal that the company can rationalize logistics in its raw
material acquisition, enabling savings in logistics expenses and reducing the environmental
impact.
The biggest problem when measuring the environmental impact caused by a product at the
item level is the fact that supply chains are dynamic. A manufacturer of a product can use
various suppliers and supply various retailers in different countries. For example, a product
that is made from raw material transported from another continent and then transported to a
retailer on yet another continent is bound to have different environmental impacts than a
product whose supply chain consists of stakeholders all located in the same country.
However, the common method of calculating the environmental impact on a product is to
measure the resources, raw materials used, emissions and production amounts for a certain
period of time – most often, annually - and then calculate the average environmental impact
of the product. This method does not take the dynamic nature of the supply chains into
account and thus it does not provide sufficient information about an individual product's
environmental impact. For example, in the ELCD core database process data set: Spruce
wood; timber; production mix, at saw mill (PE International, 2002) the average transport
distance between the felling site and the saw mill is 144 km even though the transportation
distance of logs can vary from a few kilometers to thousands of kilometers.
If more accurate traceability is needed, the individual products must be identified at the
physical level. This enables the tracing and monitoring of the products through the dynamic
supply chain. The development of auto identification enables us to identify an object moving
in the supply chain. This means that we can connect the movements of the physical objects
with their virtual representation in databases. With the help of traceability, we can track the
relationships between properties of processes - in this case the environmental burden caused
by processes - and actual physical products.
17
The approach presented in this dissertation supports the phases of life cycle assessment as
follows: The scope of the life cycle assessment is modeled by the traceability graph, by
expressing those life cycle processes, inputs and outputs which are included in the
assessment.  The life cycle data of products are collected to the database based on the
traceability graph in the Life Cycle Inventory (LCI) phase of the assessment. The impact
assessment and interpretation phases are supported by the traceability cube, which makes it
possible to use OLAP (Online Analytic Processing) type operations (Chaudhuri and Dayal,
1997) for analyzing and monitoring the life cycle information of the products. The
environmental impact data can be shared between supply chain stakeholders using the
EPCglobal network presented in Chapter 7.
2.2 Location information
The precise real-time location information and the ability to store and query the route of
products enables improvements in logistics and transportation (e.g. Prodonoff, 2008). For
example, manufacturers are facing increased pressure from consumers and legislators to
know and report the origin of their products – i.e. the raw materials used in the production of
the consumer goods. At the moment, it is challenging for producers to gather accurate origin
information because supply chains are too complex. For example, forest-industry companies
are certificating their products using PEFC1 chain-of-custody certification (Forests area: 229
million ha, Forest owners: > 475,675). PEFC is a method for tracing wood from forest to the
final product to ensure the wood or wood fiber can be traced back to certified forest. The
certification allows two different implementation methods: The percentage-based method
allows mixing certified and non-certified raw materials; however, a company can only sell
the proportion of its production corresponding the proportion of the certified raw material as
certified. The physical separation method requires certified and non-certified raw material to
be physically separated throughout the supply chain.
As has been indicated, the methods can be integrated and improved using the Traceability
Graph. Accurate item-level information of the origin can be used to create a transparent and
trustworthy origin certification system. The traceability graph also enables a better and more
accurate service for recalling unsafe, defective or hazardous products. By using the precise
real-time product location information, the traceability graph allows manufacturers to recall
only the products containing unsafe elements. For example, the precise traceability
information can be used in the food industry. The traceability graph enables manufacturers,
suppliers and resellers to avoid total recalls, by identifying the products that contain a
suspicious raw material. With the system, companies are better equipped to retrieve affected
products and to protect their reputation and brand value.
1 http://www.pefc.org/
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3. Workflows
Various graph-based methods have been developed for describing the functionality (dynamic
aspects) of information systems. Early dataflow languages e.g. (Kosinski, 1973) were
primarily intended for modeling the actions of computer programs, whereas workflow models
(van der Aalst and van Hee, 2002) are focused on modeling physical processes and activities.
Historically, the distinction between dataflow and workflow models is vague and some
authors (Ellis and Nutt, 1980) use the term “information flow” for describing the flowing of
all information from one process to another. Nowadays, workflow diagrams typically
distinguish different types of activities, such as sending, transforming and packing of
materials. Some modern modeling methods of information systems, e.g. UML (Booch et al.,
1999), contain diagrams for dynamic aspects of programs (interaction diagrams) and the
modeling of workflows (activity diagram).
In workflows, materials, documents and other pieces of information are transferred from one
process to another (van der Aalst and van Hee, 2002; Bonner, 1999). The workflow model of
UML is informally defined and its purpose is to map real-world activities to the underlying
software solution (or vice versa). There are also a number of commercial applications that
have a component for drawing workflow diagrams. Their common feature is that they support
the illustration of different types of processes.
There are two main types of workflow models, process- and data-centric. The traditional
workflow models are mainly process-centric. Recently data-centric workflow approach has
gained popularity. In data-centric workflows the goal is to model initial, intermediate and
final data sets, based on the transformations of data sets. In process-centric models the focus
is on processes and the timing between them.
3.1 Modeling Workflows
There are formal methods for modeling the functionality of information systems that are not
primarily intended for any specific purpose. Petri Nets (Petri, 1966), YAWL (van der Aalst
and Hofstede, 2005), Temporal logic (Attie et al., 1993), and Transaction Logic (Bonner,
1999) are further good examples of formalizing workflows. These methods emphasize the
timing within processes and supply chains. In general, these are very expressive languages
that enable not only the modeling of the functionality of systems but also other aspects of
information systems. For example, Transaction Logic is based on F-logic (Kifer and Lausen,
1995) that is a general framework for specifying object-oriented and deductive aspects. Next,
the Petri nets are addressed in more detail because it is the most common method for
modeling workflows.
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For example, Petri nets are a mathematical modeling tool for describing different systems.
Petri net is a bipartite graph consisting of places and transitions, which are connected by
directed arcs; a Petri Net is a tuple  where P is a set of places p1, p2, …, pn, T is a set
of transitions t1, t2, …, tn and F is a multi-set of relations (arcs) between places and/or
transitions, i.e.
F ك (P × T)  (T × P).
Petri nets describe the behavior of systems with system states and their changes. Places may
contain tokens which are used to model the state of the system.  State changes are described
with transitions. The tokens are consumed when transition fires. The tokens are moved by a
transition from input arcs to output arcs. Places are illustrated by circles, transitions with bars
and arcs with arrows. Tokens are represented as black dots.
Figure 3. Petri Net example.
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The primitives of Petri nets are illustrated in Figure 3 using a simplified manufacturing
process where raw material and resources are used to produce a product, generating waste
and emissions at the same time. Figure 3 (the upper part) illustrates that energy, resources and
raw material are available, and transition T1 is enabled. When transition T1 is triggered, the
tokens are moved via output arcs to places shown in Figure 3 (the lower part), where
transition T1 is no longer possible.
Originally, Petri Nets were developed for modeling the concurrent behavior of distributed
systems and they are traditionally used for defining or describing the functionality of
computer programs, but they are also proposed for the exact representation of workflow
models (van der Aalst, 1998; van der Aalst and van Hee, 2002) and a wide variety of other
application areas (Murata, 1989) like performance evaluations, communication protocols,
software design, process modeling (DiCesare et. al., 1993) and concurrent programming.
There are many extensions to the classical Petri Nets – called high-level Petri Nets – that are
used either to simplify the model (e.g. Colored Petri Nets, Hierarchy) or to add properties that
cannot be modeled using basic Petri Net (e.g. Timed Petri Nets).
Figure 4. Colored Petri Net.
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In a real system, tokens can represent products that have attributes such as volume, price or
identification code. However, in the classical Petri Nets, tokens are identical and cannot be
distinguished. In a Colored Petri Nets, each token has attributes for presenting properties of
processes. For example, in Figure 4 the tokens have the following attributes:
x Raw material and resources (logs: 30 cubic meters; lubricant oil for saw: 5 liters)
x Energy (Electricity: 20 kWh)
x Emission (CO2: 87 kg)
x Waste (Sawing waste: 5 kg)
x Product (Balk: 4000 m; Board: 5000 m)
Another problem when modeling real-world systems with classical Petri nets is that the
models usually become too complex resulting in problems when analyzing systems with the
workflow management system. The hierarchical extension of classical Petri Nets can be made
by decompose complex systems into subsystems.
Timing is another usable extension which is used to model the temporal behavior of a system.
One method of introducing time to Petri Nets is to add a notion of temporal constraint to
transition (Berthomieu and Diaz, 1991).  A constraint defines the lower and upper bounds to
the transitions. For example, as illustrated in Figure 5, if raw material token arrives at t0 and
energy token in t3 then transition T1 can be triggered between t8 and t13.
T1Raw material
and Resources
Energy
Waste
Emissions
Product
[5, 10]
Figure 5. Timed Petri Net.
3.2 Data-Centric Workflows
In data-centric workflows the goal is to visualize initial, intermediate and final data sets,
focusing on the transformations of data sets (Akram et. al., 2006). The data sets are
parameters to services that consume the input data set and create output data sets. The most
usual application area of data-centric workflows is scientific problem-solving.
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In scientific problem-solving, data-centric workflows are used to model, design and execute
an analysis, capturing series of analytical steps. The primary feature of the scientific
workflow methods is to concentrate on process functionality based on the data (Curcin and
Ghanem, 2008). Each analytical step entails instructions how to handle the underlying data.
Scientific workflows provide formalization for the scientific analysis process by modeling the
data transportation, transformation and analytical steps between distributed computational
steps accelerating scientific progress. Scientific workflows are directed graphs where places
represent computation steps and arcs represent the transitioins between these steps. The main
components of the scientific workflow model are workflow engine, services, applications and
tokens of data. Services are accessed through interfaces, with applications implementing the
functionality of the services. Tokens of data are consumed and produced by services which
form the workflow. A workflow engine invokes the services in a predefined order.
Normally, scientific calculation involves huge data sets, geographically distributed over users
and resources. A process often creates multiple queries invoking many analytical
calculations. There normally is a semantic mismatch between applications, and calculations
executed by applications can be time-consuming. These requirements pose a big challenge
for scientific workflow systems (Barker and van Hemert, 2007).
One example of scientific workflow systems is Kepler (Altintas et. al., 2004) that is a system
for constructing, composing, orchestrating and sharing scientific workflows. In Kepler the
workflow components are represented by actors that represent computational steps or data
sources. With output and input ports that are used to map connections that transport tokens.
The actors and connections implement the workflow model. Kepler is used to model the data
flow between computational steps used to achieve an outcome called scientific result.
Kepler includes a library of over 350 actors that can be used to analyze and integrate
applications and it supports various data models. Kepler has also been used to combine both
real-time data streams and data from archives, enabling the modeling and analysis of
streaming sensor network data - for example, meteorological sensors (Barsegian et. al., 2010;
Penning et. al., 2007).
Scientific workflows play an important role in Grid computing which combines multiple
computer resources to solve a single task, such as geophysics, astronomy or bioinformatics
where the amount of data can be petabytes (Foster et. al., 2001; Chervenak et. al., 2001). The
main principles in Grid are the non-centralized control of resources, standardized open
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protocols and interfaces. A  Grid network is a distributed system that enables to share
antonymous resources based on their availability.
The model presented in this dissertation can be seen as a data-centric workflow where each
supply chain process is a calculation step, from where the life cycle data are allocated to a
product. The main aspects of data-centric workflows (Curcin and Ghanem, 2006) include
concentrating on process functionality based on the data, i.e. each node has behavior
instructions related to the data. From the life cycle data management perspective, this is a
secondary feature, as well as timing representation in YAWL, Temporal logic, and
Transaction Logic. Instead, the traceability graph emphasizes the handling of aggregation and
movement of data between processes.
The life cycle information from each process is shared by all supply chain stakeholders by
services in a Grid system. The infrastructure of the system is presented in Section 6 where the
system is also characterized based on the Grid system taxonomy.
3.3 Provenance in Workflows
The most important requirement in scientific analysis is the ability to reproduce and reuse
results.  The provenance information enables users of a scientific workflow system to track
the information about calculation steps and data used to derive the data products, thus
enabling the scientific community to share the results and reproduce the calculation process
(Freire et. al., 2008; Simmhan et. al., 2005).
There are two different types of provenance information (Clifford et. al., 2008). Prospective
provenance contains specification about the calculation steps, i.e. the scientific workflow that
needs to be executed. Retrospective provenance contains information about the calculation
environment used to derive the data product and the calculation steps that were executed. The
provenance information must also contain the relationships between data products and
calculation steps. The provenance includes inputs of a workflow, the outputs of the workflow,
and definitions of the calculation steps and data tokens between the steps.
Various provenance models have been developed (for example S. Cohen et. al., 2006) which
all share the same support for retrospective provenance and dependencies between data and
processes. The provenance data must contain at least: a unique identifier of any data token,
information about the calculation steps and sequence of the input/output operations and
provenance information for user and or parameter data. For example, the provenance
information collected by the Kepler Scientific Workflow System (Altintas et. al., 2006)
includes:
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x Contextual information (who, what, where, when and why) about the executed
scientific workflow
x Workflow definition, i.e. the actors of the workflow, the connections between the
actors and the parameters used.
x Workflow evolution information that specifies the evolution of the workflow
definition.
x Input data including the information about the transformations applied to a data item.
x Output data including the information about the transformations applied to a data
item.
x Information about intermediate data sets.
(Cohen et. al., 2006) define the provenance as a function Prov(d) with input of the data token
d and output of a set of steps and input data tokens on which it depends. Info(d) contains
contextual information about the executed calculation step or data token at hand.
where sid is the id of the calculation step, d is the output data token and di is the input data
token.
In our example, see Figure 3, we process the provenance output data object for Emissions
The provenance data collected from supply chain processes enables the connection between
the products and processes. This means that the relationship between processes and products
can be traced with provenance information. The example above features the environmental
burden caused by processes, and actual product instances. Next, a model for managing the
provenance information of products (life cycle data) in the supply chain is developed from
the viewpoint of data modeling.
4. Logical Tracing: traceability graph
In data models, the intensional (schema) and extensional (instance) levels are typically
distinguished. The intensional level describes the information about concepts and their
relationships and the extensional level describes the object and their relationships.  In models
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of complex structures, such as composed objects, the strict correspondence between these
levels is essential because instances (objects) of an object type may structurally differ from
each other. The same concerns many applications of workflows:  the supply chains of similar
objects may vary and different data are associated with objects and their components. For the
purpose of managing the structural diversity of composed objects, the integration of the
intensional and extensional levels has been proposed (Junkkari, 2005). This allows advanced
structural analysis and declarative query formulation thorough transitive relationships (Niemi
et. al., 2004). In the model presented in this dissertation, the levels are integrated into each
other, i.e. the workflow schemata and instances are not explicitly separated. The same
concerns the data associated with workflows. This gives a possibility for forming more
flexible workflows.
The traceability graph developed in this work is used to model the supply processes of
physical products and resources and emissions associated with the products and their
components. The traceability graph includes principal primitives needed to model and
manipulate data-centric aspects in workflows in a way that enables tracing products at
different granularity levels. The traceability graph is not bound to any existing data or
workflow methods. The model can be applied using existing formalisms and systems. First,
the supply chain is modeled as a basic workflow model as presented in Figure 6.
Figure 6. Example Workflow Model.
The workflow model provides a starting point for developing the traceability graph that can
be seen as a provenance model, where provenance is collected as a set of nodes – discrete
activities through supply chain processes – that describe the workflow of an individual object
traveling through a supply chain. Each node has the specific physical location, the time
interval how long an object was present in the node and elementary flows – life cycle data
shared and collected from the process.
The traceability graph has the ability to manipulate products and their transformations. For
example, a product may be composed of many parts, or a product may be manufactured using
masses of raw materials. Table 1 summarizes the cases of object transformation. The
traceability graph also has the ability to manipulate the properties of processes and to allocate
them to products that are handled in that process.
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Table 1. Identity manipulation
Transformation Identity Description
equivalence maintain a batch is transferred from a specific process to
following as such
subsetting maintain a batch is divided into subsets for refining
supersetting maintain several patches are combined together for refining
division change objects are splitted into several objects
composition change objects are composed to single objects
The traceability graph can be presented using nodes and edges with their properties. A node
is used to describe a discrete supply chain process that has a specific physical location and the
time interval when an object was present in the node. The node also contains information
about object life cycle data from that process, for example, the amount of energy used during
the process allocated to an individual object. An edge expresses a product flow between two
processes. The supply chain of an object can be described as nodes following each other in a
partial order. A manufacturing process is an activity transforming the raw materials,
components and energy into products, waste and emissions. The properties of edges and
nodes of the traceability graph are presented in Table 2.
Table 2. Properties of edges and nodes.
name description
object The subject of tracing. This can be either a single product or a batch
depending on the precision of tracing in the underlying supply system
node A discrete supply chain process, which has a specific physical location, the
time interval when an set of product portions was present in a node and the set
of attributes associated with the process
product
portion
It involves the quantity of products, the identifiers of objects and the ratio of
the emissions and resources compared with the total ones in the process node.
The ratio is calculated using an application specific-method. It can be based
on the portion of mass or machine operation time, for example. Product
portions of a process are viewed through the end products of a process.
attribute It expresses information associated with a process. Input attributes can
describe the resources of a process, whereas output attributes can be used for
determining the emissions of a process. Each attribute has two values: one for
the underlying process and the other for containing the cumulated values from
the previous nodes. A cumulated value is calculated based on the ratios of
product portions and quantity that is sifted from the previous nodes via edges.
edge Products are sifted from a node to another via edges. An edge also determines
the mapping of objects between two processes as described in Table 1.
sifted
product
portion
An edge involves those objects that are sifted from a start node to the end
node (only some products of a product portion may be selected from other
processes). This part of the start node's product portion is called a sifted
product portion. In transferring products from a process to another, the
attributes must be re-calculated for corresponding to the sifted product
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portion. This is based on the ordinary and derived attributes
derived
attributes
These are associated with an edge and determine the amount of an ordinary
attribute that is related to the sifted product portion.
In Figure 7 there are eight process types (A, B, …, H). Process type A has four instances (A1,
…, A4). These nodes have no predecessor, which means that the traced objects have been
created in these nodes. The objects are transferred forward in the graph. For example, objects
from Nodes A2 and A3 are transferred to Node B2. In this step, objects are not modified but
object sets (product portions) of A2 and A3 are unionized to the object set in B2. This also
means that the resources and emissions of process nodes A2 and A3 are aggregated to the
new set of objects in B2. In the C process nodes and G process nodes, the objects in hand are
divided into several objects. A double-headed arrow illustrates this. For example, a physical
object is decomposed or divided into parts. The products of process nodes G are components
for the process nodes H, i.e. in node H2 objects are composed of the objects that are
outcomes from Nodes E1 and E2. A shared start arrow illustrates this.
Figure 7. Traceability Graph.
In a traceability graph, nodes can be grouped based on their process types, i.e. similar nodes
are instances of a process type. The nodes of the process type may have different properties,
such as the time span and physical location of an activity.
The development of smart identification enables us to identify an object moving in the supply
chain and this enables us to track the movements of the object throughout its supply chain.
This means that we can connect the physical-world objects with their virtual counterparts in
databases. With traceability we can track the relationships between properties of processes -
in this case the environmental burden caused by processes - and actual product instances. The
object transformation – Table 1 – is managed by storing the physical identifiers of related
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objects to the database. For example when a log is sawn to boards (division transformation),
the physical identifier of the object log and the physical identifiers of the objects boards are
stored to the database.
In Figure 8 we present our running example, simplified glued laminated timber production.
The processes included in the example are the felling of trees (harvesting), transporting the
logs to the saw mill, sawing logs to boards, packaging the board for drying, drying the
boards, transporting the boards to the refiner, cutting the boards and, finally, jointing the
glued laminated timbers from boards.
Figure 8. A sample supply chain.
In the sawing nodes, the objects are divided into several objects, i.e. a log is sawn into
multiple boards; a double-headed arrow illustrates this. Then, these object move forward in
the graph to forthcoming activities. In jointing nodes, objects are composed of objects that are
products of the cutting nodes, i.e. a glulam beam is glued from multiple boards; a shared start
arrow illustrates this.
Using a traceability graph, the supply chain of the object can be traced, i.e. the route of the
object can be monitored. This also means that all the life cycle information related to those
processes can be attached to the object. In Figure 8 the colored nodes are distinct activities in
which the object, its component or raw material used to produce the object have participated.
This subgraph is the supply chain of the specific object in Jointing #2. The main feature of
the traceability graph is the support for querying and analyzing of product life cycle
information. The graphical representation only illustrates nodes (processes) and the edges
between the processes. The type of the edges specifies the manipulation rules for product
portions and attributes. A more detailed description is found in (Junkkari and Sirkka, 2011;
Paper II)
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5. Physical Tracing: Radio Frequency Identification
An identification method is needed in order to be able to identify each object physically in the
supply chain. With physical traceability, we can connect the physical information about the
products' movements with the information about processes. In this study we focus on the
Radio-Frequency Identification (RFID) technology for marking the objects in a supply chain.
The RFID technology has the following benefits compared with the traditional identification
technologies like bar codes: The system does not require a line of sight and reader and tag
communication are not orientation sensitive. The reading is automatic and does not need
human intervention. Each item is individually labeled with a high degree of security - a tag is
more difficult to counterfeit than a simple barcode.
RFID uses radio waves to transfer identification from a tag that is attached to an object
(Stockman 1948). The RFID technology is similar to bar code identification in the sense that
an identification code is embedded to an object. With RFID technology the identification
process does not require a clear line of sight, and a vast amount of tags can be read
simultaneously. RFID can be used in various application areas, each requiring a specific type
of RFID tags based on the application requirements (Finkenzeller 2004). RFID tags can be
active, passive or semi-passive
x Passive tags do not have their own source of power. The needed power is gained by
using the energy of the radio wave from the RFID reader antenna. The read range of
passive tags is up to 10 meters. Passive tags are the most inexpensive alternative, and
thus they are most commonly used in industrial applications.
x Active tags contain their own power source and transmitter, thus providing a much
longer identification distance.
x Semi-Passive tags contain a power source but they do not include a transmitter;
nevertheless they provide a longer reading distance than passive tags.
RFID tags can also be divided into four groups based on the used radio frequency.
x Low frequency (125-134 kHz) tags are used for identification purposes; for example,
animal tagging, access control and car immobilizers.
x High frequency (13,56 MHz) tags are used, for example, in asset tracking; hospital
systems, reusable assets and laundry & library systems.
x Ultra High Frequency (868-956 MHz) tags are used in logistics applications like the
tracking of containers and pallets.
x Micro Wave (2,45 GHz) applications are used in vehicle identification, for example,
in harbors.
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The RFID reader application reads the RFID tag constantly when the tag is within the reader's
range, producing a stream of observation tuples ; reader is an
identification code of the RFID reader, timestamp is the time instant of an observation, EPC
is an Electronic Product Code that is a universal identifier which provides a unique identity
for  physical objects. EPC is defined by the EPCglobal Tag Data Specification (EPCglobal
2008b).
The EPC number – illustrated in Figure 9 - is an 64- or 96-bit code that is divided into
number sequences. Example:  The EPC number header part defines the coding scheme of the
EPC number, the manager number defines the company that has authority for the types of
products in a supply chain, the object class part defines the category of an object, i.e. product
group, and the serial number is the unique code in that identifies the specific object.
Figure 9. EPC number.
The volume of data generated by storing the complete history of movements of individual
objects throughout the supply chain is enormous. To be able to use this information
effectively, a data structure that supports effective information retrieval is needed.
Aggregation and filtering are common methods used in RFID middleware applications to
reduce the amount of RFID data generated. This includes the removal of certain RFID
readings based on the reader's identification code or product's electronic identification code.
Table 3 presents the commonly used aggregation types (Floerkemeier and Lampe, 2005).
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Table 3. Aggregation Types.
Aggregation Type Description
Entry & Exit Used to reduce the successful reads of the tag to two readings – In
and Out – i.e. when the object appeared in the reader's range and
when the object disappeared from the reader's range. The raw
RFID data must be cleansed to include only the entry event and
exit event of an observation. Cleansed RFID observations are
stored in a stay tuple (reader, EPC, time_in, time_out) where
time_in and time_out attributes describe the time the item stayed
in the location of the reader.
Count Used to return only the total amount of similar objects. Similarity
can be based on some object property.
Passage Entry & Exit observations may be compressed to a simple passage
observation.
Virtual Readers The RFID readers may be grouped into a function as one “virtual”
reader. This enables the application to see them as one reader with
a bigger read range.
RFID data may also be compressed by using object containment. This idea is presented in
(Gonzalez et. al., 2006b) and (Wang et al., 2010). Usually, the products are moved into
groups inside a containment object during some steps in the supply chain. For example, the
manufacturer sends products to the distribution centers in containers. If an electronic
identification code is used to mark the entire transport batch, the movement information of
each individual product need not be tracked and stored every time the container is moved.
Actually, (Harrison 2003) presented the same idea, calling it 'symbolic location'. It means that
the object can be contained by another object.
The readings made about containment entities like package, container or truck load can be
stored to the same tuple  where EPC is an identifier of  the
containment object. To be able to trace the individual products inside the containment object,
tuple containment  is needed; co_EPC is a code of an
containment object and EPC is a code of a contained object. The validity of containment is
stored in the attributes valid_from and valid_to. Valid_from shows when the containment
starts and valid_to shows when the containment relation ceases to be valid.
The benefit of using the containment tuple is the point that it will compress the amount of
saved RFID readings by the proportion of objects in a containment object and movements
recorded for each containment object. For example, a container may contain thousands of
individual products and it can be moved multiple times during the logistics process from
manufacturer to shop floor, which means that the amount of rows in the database will be
reduced considerably.
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The RFID technology and data management have been researched extensively during the past
decade – e.g. RFID data staging to OLTP and OLAP applications (Krompass et. al, 2007)
provides a method that responds to different kinds of needs posed by transactional and
analytical applications on RFID data, RFID data management (Sudarshan et. al., 2004) and
RFID data warehousing (Gonzalez et. al, 2006).
The next Section presents the storing and analyzing of traceability data. To enable the
analysis of the data amount resulting from the traceability system, the data is transformed to a
traceability cube, which is a multidimensional array optimized for handling large amounts of
data. In the work, this is integrated with RFID data.
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6. Storing and Analyzing Traceability Data
The life cycle information of products from the traceability graph must be stored to a
database in order for it to be usable for monitoring and analysis. In this dissertation, the
information is mapped to a relational database, see Figure 10. The main relations needed for
storing the information are Node, Object and Route. The Object relation is used to store the
information about object transformation – the relationships between objects, Node relation
stores the process-specific information and Route relation is used to connect objects with
nodes, thus creating the supply chain of a specific product. More detailed information can be
found in (Sirkka and Junkkari, 2011; Paper III).
Figure 10. Database schema for the traceability graph.
The data cube can be utilized for analyzing the life cycle information stored in the database.
The traceability cube enables OLAP type operations for analyzing the life cycle information
of the products. OLAP is a method used for describing the analysis of the complex data in
data warehouses. The OLAP Council has defined three main functions that are provided by
OLAP systems: multidimensional views of data, ability to perform complex calculations and
intelligent handling of time, i.e. time intelligence.
The OLAP systems can be divided into three main categories. In the relational OLAP type,
the data and dimensions are stored as relational tables in the database. The multidimensional
OLAP – used in this paper – stores the data in the optimized multi-dimensional array called
OLAP Cube. The OLAP Cube is a data structure that allows the fast analysis of data from
multiple perspectives (dimensions). The cube consists of facts that are called measures, and
dimensions that categorize the facts.  The hybrid OLAP mixes the ROLAP and MOLAP
types, i.e. it can use relational tables for some data and cubes for more aggregated data.
(Chaudhuri, 1997)
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In this paper, the multidimensional data model, MD (Torlone, 2003) is used. In figures,
dimensions are presented as round-cornered boxes, facts (measures) are presented as boxes,
descriptions of dimensions are presented as small diamonds, and measures as circles. The
circles drawn with a dashed line present calculated measures. The example traceability cube
contains information about the environmental performance of objects moving through a
supply chain enabling carbon disclosure from the whole supply chain-level down to the level
of an individual product.
Figure 11. Traceability Cube Schema
Figure 11 presents the traceability cube with a  few example dimensions. The cube consists of
facts, the amount of elementary flows and volume of objects, and dimensions that categorize
the facts. Dimensions can be seen as meta-data for the measures to which they provide
information.  The example cube also includes the calculated measures Impact Amount and
Emission Amount. As an example, the calculated measure 'emission amount (carbon dioxide)'
is calculated using environmental databases that contain life cycle inventory (LCI) data. One
of these is the ELCD core database by the European Commission – DG Joint Research
Centre – Institute for Environment and Sustainability which includes more than 300 LCI data
sets.  For example, according to this database, carbon dioxide emissions when using
articulated lorry transport; Euro 0, 1, 2, 3, 4 mix; 40 t total weight, 27 t max payload total
4,442 g per kilogram of transported product per kilometer (PEInternational, 2002).
The environmental impact categories are calculated based on the emissions. For example, the
climate change potential is calculated using carbon dioxide (CO2), methane, nitrous oxide
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and several other emissions - full list: PAS 2050 (CarbonTrust, 2008). The climate change
potential is measured as a kg of CO2 equivalent. The calculation is done by converting the
other emissions to CO2 by using predefined conversion factors. For example, the conversion
factor for methane is 25 and for nitrous oxide the conversion factor is 298 (CarbonTrust,
2008). The calculated measures are calculated during the loading procedure and the
calculation rules and conversion factors can be configured based on the different
specifications. Figure 12 presents the calculation and sample instances over the traceability cube.
Figure 12. Emission and Impact Calculation.
The location context dimension contains the organizational hierarchy and other process-
specific information, in this example Machine ĺ Process ĺ Site ĺ Organization. The
machine level includes the spatial description location that can be used for the spatial analysis
of environmental burden. Moreover, the location context dimension can be used to
benchmark between different processes or manufacturers, i.e. it can be used to compact the
workflow. For example, logistics nodes could be merged, resulting in the total amount of
transporting in the sample supply chain.
The object dimension is used to describe the properties of an object and it can be used to
benchmark the environmental burden among different products and product types. By
comparing the environmental performance of the same type of processes, companies can see
whether the performance metrics of their process compare to the industry's best practices.
This allows companies to notice where they could make the biggest improvements in their
environmental performance. Similarly, consumers can select the products that feature the
lowest environmental burden, thus forcing the manufacturers to adopt cleaner manufacturing
procedures.
In data warehousing, the date dimension is the most frequently used dimension. The date
dimension is used for analyzing the effect of time regarding the environmental impact. For
example, with the date dimension we can perform a trend analysis for detecting a pattern of
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behavior in a data series. Moreover, historical and periodical comparison analyzes can be
made.
Common OLAP operations include slicing and dicing the data, providing a multidimensional
view of data based on subsets corresponding to the selected dimensions. Drilling down and
up rises or lowers the level of aggregation. For example, we can view the data at the daily,
weekly, monthly or yearly level. Pivot and rotate operation provides an alternative view of
the data. Pivot operations can be used to change the dimensional orientation of the data cube.
The slicing operation provides a multidimensional view to the data based on the selected
dimension. For example, the data can be sliced according to the date dimension. Figure 13
illustrates how the environmental data of all locations and product types in January 2011 can
be sliced from the OLAP cube.
Figure 13. Slicing using time dimension.
Dicing means slicing the data on more than two dimensions. Figure 14 illustrates how
environmental data is diced to include only the values of a certain process, product type and
month. By comparing the environmental performance of the same type of processes,
companies can see whether the performance metrics of their process compare to the industry's
best practices. This allows companies to notice where they could make the biggest
improvements in their environmental performance.
Browsing through year 2011
CO2 emissions: 200 000g CO2 emission in JAN 2011: 20 000g
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Figure 14. Dicing the Traceability Cube.
A cube can be drilled up or down, which means analyzing the data between the aggregation
levels from the summarized data from the whole supply chains to the detailed data of an
individual product. For example, the location context dimension can be drilled down from the
logistics process to types of machines executing the process as illustrated in Figure 15. This
information can be utilized for analyzing the environmental effect of different transporting
methods.
Figure 15. Drilling down in the Traceability Cube.
The analytics capabilities of the traceability cube can be used for analyzing the life cycle
data. For example, environmental data can be summed up to create the total environmental
impact of the whole life cycle of the product. The data can also be used for comparing the
CO2 emission in JAN 2011: 20 000g
CO2 emission in JAN 2011 for logistics:
(Lorry: 545g; Train: 356g; Boat: 122g;
Airplane: 1800g)
CO2 emissions in JAN 2011 for a
product type3 in a process2: 734g
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performance between different manufacturers or manufacturing sites. The possibility to
analyze the supply chain on the process and item levels allows end users to select the product
with the lowest environmental burden. This creates pressure for manufacturers to improve the
eco-efficiency of their supply chains.
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7. Sharing the Life Cycle Information
In order to be able to generate life cycle information for the product throughout its whole life
cycle, organizations share the environmental information of the products that were handled
by them in their part of the supply chain. For example, some organizations are responsible for
raw material extraction, others for manufacturing components and supplying these to the
other manufacturers, some organizations are responsible for transporting the objects from one
stakeholder to other, etc.
7.1 EPCglobal Architecture
The stakeholders of a supply chain own a part of the life cycle information of the final
product. To be able to share product-related information in the complex supply chains, the
organizations have to agree on a common standard. The EPCglobal Architecture - Figure 16 -
framework standards (EPCglobal, 2009a) enable the supply chain stakeholders to capture,
store and share product-related data. The EPC Information Services standard (EPCglobal
2007) defines the storing and sharing of the traceability data that is created when a product
marked with an RFID tag passes an RFID reader in a process in a supply chain.
EPCIS Accessing Application
EPCIS Repository
EPCIS Capturing Application
Filtering & Collection
RFID Reader
RFID Tag
EPCIS Query Interfaces
EPCIS Capture Interface
Filtering & Collection ALE Interface
Reader Protocol
Tag Protocol
L
O
C
A
L
O
N
S
Partners
EPCIS Accessing Application
O
N
S
I
N
T
E
R
F
A
C
E
Figure 16. EPCglobal Architecture.
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The main parts of the RFID tag are a chip, an antenna and a packaging. The chip holds the
information attached to the physical object. The antenna transmits the information to the
reader, and the packaging holds the antenna and the chip.
RFID readers read (or, depending on the reader, also write) information on the RFID tag
without needing a clear line of sight. The RFID reader can be integrated into a machine or it
can be a separate hand-held device. Reader Protocol Interface specifies the delivery of raw
tag reads from RFID readers to the Filtering & Collection role. The raw event data contains a
unique identification code, location and time (‘Reader X in time Y the object Z was
observed’).
The Filtering & Collection role filters and aggregates the raw events using defined rules.  The
Filtering & Collection Ale Interface (EPCglobal, 2009b) specifies the delivery of cleansed
event data to the EPCIS Capturing Application. This event data contains the following
information: (‘At Logical Reader X between time t1 and t2 a set of products with EPCs were
observed’). Unlike raw event data, the set of EPCs does not contain duplicates.
The EPCIS Capturing Application manages the operations of readers and provides a context
for the event data. In this work, environmental data can also be included in event data by
using the extension mechanism provided by the EPC Information Service specification
(EPCIS). For example, in a warehouse the electricity usage information is gathered from a
smart metering sensor and the amount of objects in the warehouse from RFID readings.
EPCIS Interfaces are used to provide event data to the enterprise level roles like EPCIS
Accessing Applications. In This level, the event data is meaningful for business applications.
For example: ‘At warehouse X between time t1 and t2 a set of products with EPCs were
observed’. In our running example, the basic event data is extended with the life cycle
information – data about environmental burden. ‘At warehouse X between time t1 and t2 a
set of products with EPCs were observed, with allocated set of elementary flows’. For
example (Diesel, input, 100 liters; CO2, output, 300 kg).
The EPCIS Repository is used to store the RFID event data from the EPCIS Capturing
Applications, and EPCIS Accessing Applications are different ERP and MES systems
responsible for executing business processes like warehouse management and order handling
aided with the acquired EPC data.
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EPCIS Accessing Applications are ERP and MES systems than manage the business
processes aided by traceability data. The traceability data is used, for example, in warehouse
management and logistics.
The address of the EPC Information Services can be made available to other stakeholders by
implementing the local EPCglobal Object Name Service (ONS) (EPCglobal, 2008a). The
Local ONS is a service that answers the lookup requests for data about objects. The services
are found using the root ONS that uses the domain name system DSN for looking up the local
ONS services. Another option – not yet available – is to use the Discovery Services, a service
standard under development by EPCglobal. The Discovery Service will provide a service to
find all the EPC Information Services that have information about a specific product, also
ensuring the authorization and authentication of requests, and to share the data in a secure
way between stakeholders who do not necessarily know each other. This enables stakeholders
to discover all services containing life cycle information about the products (who has
information about this product & where the EPCIS is located, where to query life cycle
information about the product).
7.2 Sharing Life Cycle Data
In order to handle the object transformation (division or composition) in the supply chain, the
stakeholder responsible for the transformation part of the supply chain is also responsible for
aggregating the life cycle information from up to that point. In other words, when a
manufacturer is further processing products, this manufacturer is responsible for calling the
EPC Information Services of a supplier and adding this information (derived attribute in the
traceability graph) to the life cycle information of the further processed product. For example,
a saw mill company would call the harvesting and logistics companies' EPCIS Query
Interface to get the logs' life cycle information. Then the saw mill would cumulate this
information to the life cycle information of manufactured boards. Then, the glued laminated
timber manufacturer would call the saw mills' EPCIS Query interface to get the
environmental information of the boards used for manufacturing the glued laminated timber.
In this way the total environmental impact of a product can be made available to end
customers.
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Figure 17. Exchanging life cycle information of a product within the EPCglobal architecture.
In Figure 17, the communication of product data is illustrated in a scenario where three
companies exchange the life cycle information of products with each other by utilizing the
EPCIS architecture. Each company has an EPCIS-compatible system realizing the roles
defined in the EPCIS specification.  Company A takes the EPCIS Accessing Application role
when requesting environmental product data from Company B by calling the EPCIS Query
Interface.
Figure 18 illustrates the life cycle data sharing between stakeholders in the supply chain from
suppliers to consumers – for example, consumers could use a mobile phone as an EPC
Accessing Application as suggested in (Dada et. al., 2010).
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Figure 18. Sharing product information in EPCNetwork.
The main challenge of the system described above is the precision of underlying
environmental data. In the optimal situation, all the products in the world would be traced
through the full supply chain where all processes have smart metering systems for measuring
the emissions generated when manufacturing products and this information would be shared
through EPC information services. However, this is not realistic as a starting point.
As discussed in (Usva et. al., 2009), there is a need for a modular approach where the starting
point is to use the environmental impact values produced by current approaches, varying
from expert judgments and partial estimates to the usage of aggregated product group data
generated from national input-output tables or life-cycle assessment data calculated using
averages.  These default values would be used when a part of the supply chain does not have
environmental monitored traceability data available.  These values should be defined so that
the stakeholders would be encouraged to produce more accurate data and share it through the
EPC network. This is achieved by using values slightly higher than the industry average. The
same method should also be used inside the companies. The first process nodes to be
monitored in real time using traceability and smart metering systems should be the ones that
generate the biggest emissions and have greater variation between individual products.
For example, the transport distance of products varies considerably between product
instances. Transport distance monitoring can be implemented by using the distance
information acquired from the logistic planning system or, alternatively, by using the
traceability information from the RFID system as described in (Dada et. al., 2010). In this
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method, the transportation distance is acquired using the business locations of shipping and
receiving events. The number of transported items is collected from EPC event data. The
mass of items is acquired from an organization measurement system. The vehicle type used is
acquired by mapping the mobile reader identification for a specific transport vehicle. For
example, a reader is located in the articulated lorry (40 tons maximum capacity, EURO4
emission standard). In further steps, such as sawing, we can use the average values for all
logs in a manner similar to the traditional life cycle assessment, because the emissions do not
vary significantly between different objects.
7.3 Taxonomication
The traceability data management in EPCGlobal network architecture is a Grid computing
system where each stakeholder has a service providing life cycle information about products.
The system can be characterized based on a Grid taxonomy (Yu and Buyya, 2005) as follows:
The Grid taxonomy consists of five elements, workflow design, information retrieval,
workflow scheduling, fault tolerance and data movement.
The temporal relation between the steps is defined by workflow, a structure that can be
sequential, parallel, choice or iteration. The workflow model can be abstract or concrete
depending on whether the specific resources of the Grid system are bound to a specific
workflow task. The third aspect of workflow design is how the workflow model is built. In a
user directed model, the user models the workflow using some modeling tools or languages.
Automatic Grid systems provide the workflow model based on the data tokens.
The workflow structure of the infrastructure for sharing life cycle information is a directed
acyclic graph where each task is performed when its conditions are true (choice). The model
of the workflow is concrete; each product is handled by a specific stakeholder. The
composition system for the traceability graph is automatic. The workflow – traceability graph
- is composed based on the actual object movements through the supply chain.
The most important quality-of-service constraint for life cycle data sharing is security. The
data acquired from the system must be trustworthy and the handling must be confidential if
needed. These security constraints are specified at the task level.
The Grid taxonomy specifies three dimensions of information retrieval: static information
related to architecture, historical information related to previous events occurred; and
dynamic information about Grid resources are all managed by Discover Service in the
EPCGlobal network that shares the location from EPCIS systems containing life cycle
information about a specific object.
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Scheduling is the most important concept for enabling scalability in Grid systems. The
scheduling architecture can be divided into three types: centralized, hierarchical or
decentralized. In centralized and hierarchical systems there is always one main scheduler that
schedules the workflow steps. In decentralized systems each scheduler or service can
communicate with each other and schedule sub work flows. The workflow scheduling
architecture in EPCglobal network is decentralized, all the steps in the supply chain manage
themselves as well as make local decisions about scheduling.
The planning scheme can be considered to be Just in-time; the data is queried when the
EPCIS Accessing Applications queries the data from the supply chain through Discovery
Service. A task scheduling strategy is not applicable to our example, because all the steps
containing information about a product must be reached in order to be able to collect the total
life cycle information about products. The same applies to performance estimation.
The Grid systems must be able to handle the concurrency and failures in workflows. There
are many different methods of achieving the fault tolerance like retry, alternate resource,
restart, replication, alternate task, redundancy, user defined exception handling and workflow
recovery. Methods either mask the effect of the failure or alter the workflow steps to deal
with the failure. Fault tolerance in EPCGlobal Network can be managed at the task level by
retrying until the service providing the life cycle information becomes available.
Automatic data transfer in a Grid system can be centralized, mediated or peer-to-peer. The
input and output data files must be staged to calculation steps in Grid.  In the centralized
approach, data is moved between calculation steps using a central location. In mediated
approach, the data is managed by distributed data management systems and in peer-to-peer
systems data is moved between calculation steps, saving time and resources. The intermediate
data movement in EPCglobal network is mediated, with life cycle information managed by
supply chain stakeholders, each collecting data about their part of the supply chain.
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8. Papers
The dissertation consists of five articles. The first paper presents the data model for a
traceability system in the forestry wood supply chain. The second paper presents a model that
generalizes the model presented in Paper I and enables the allocation of life cycle information
throughout the supply chain to the traced product. The third paper specifies the logical
database schema for the model presented in Paper II. The fourth paper describes methods for
querying and analyzing the product life cycle information. The methods are built on the
database implementation presented in Paper III. The fifth paper presents a case study where
the traceability graph model is used as a basis for creating an IT infrastructure for sharing the
life cycle information of a product through supply chain stakeholders. The case study
implements the model and methods presented in papers II, III and IV.
Paper I
Modeling traceability in the forestry wood supply chain describes how an automatic
traceability system makes it possible to use raw material information throughout the forestry
wood production system. RFID technology can achieve automatic traceability by enabling us
to connect the physical world objects with their virtual counterparts. This traceability system
needs to have a temporal data model to support the tracking of the raw material and
monitoring of the processes. In this paper, such a data model for the traceability system of the
forestry wood supply chain is presented. The model extends the usual RFID data model so
that it supports tracing the evolution of the forest industry products and connects the process
information to the product information, thus allowing the calculation of environmental and
economical key performance indicators for the supply chain.
Paper II
Traceability Graph to Lifecycle Data Management focuses on how products travel through
the supply chain and how the data about products is logically stored. The paper presents a
model that generalizes the model presented in Paper I and enables the allocation of life cycle
information throughout the supply chain to the traced product.
The model – traceability graph - enables tracing, monitoring, analyzing and querying the
properties of processes and their mutual relationships. The formal specification allows
services to handle the product's life cycle data formally. The model ensures correspondence
between logical objects with real-life products of processes. i.e. it integrates the provenance
of products and processes into traditional graph-based workflows. The approach supports
attribute value propagation and aggregation in the supply chains. Input and output costs of
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processes can be allocated to products, which enables tracing and analyzing these costs
precisely.
The model can be applied to single products as well as larger batches. Unlike existing
methods, the Traceability Graph enables the precise calculation of the input costs (e.g.
recourses) and output costs (e.g. emissions and waste) of products and processes. So far,
these calculations have been based on average values from a large set of processes. The
model  also has the ability to manipulate transformations of the products.
Paper III
Using RFID for Tracing Cumulated Resources and Emissions in a Supply Chain focuses on
the logical storing structures of products' life cycle data into a workflow model, which allows
storing data associated with processes and products and allocating the data to specific objects,
i.e. information – such as the originality, resources and emissions - related to products and
their supply chain. Paper III specifies the logical database schema for the model presented in
Paper II.
This Paper pays attention to the correspondence between the data management model and
real-world applications. That is, the objects are identified on both levels explicitly. In
databases, objects are identified by a database solution, whereas in the real world physical
RFID tagging is used. The present approach enables tracing product portions as well as single
objects. This means that, for example, environmental burden such as greenhouse gases can be
analyzed for different products and supply chains. The traceability graph is mapped to
relational databases and sample analyzing possibilities are demonstrated.
Paper IV
Multidimensional Analysis of Supply Chain Environmental Performance describes methods
for querying and analyzing product life cycle information. The methods are built on the
database implementation presented in Paper III. Methods normally used today have problems
in accurately quantifying the environmental burden of an individual product, because the
supply chains are dynamic. In this paper we present a model that enables calculating and
monitoring the environmental performance of products at the item level in a dynamic supply
chain and performing a multidimensional analysis of environmental data using the
traceability cube.
The model presents how emissions and resources can be monitored from the data
management perspective. The model can be mapped to any precision level of physical
tracing. At the most precise level, even a single physical object and its components can be
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analyzed. This, of course, requires that the related objects and their components are identified
and mapped to the database. From the opposite perspective, our model also supports the
rough-level analysis of products and their histories. It was presented how a multidimensional
analysis can be applied to life-cycle information based on the traceability graph.
Paper V
Monitoring Environmental Performance of the Forestry Supply Chain Using RFID presents a
case study where the traceability graph model is used as a basis for creating an IT
infrastructure for sharing the life cycle information of a product through supply chain
stakeholders. The case study implements the model and methods presented in papers II, III
and IV
The paper describes novel technology for traceability in the forest and wood industry;
pulping-compatible UHF transponders for marking logs, robust RFID readers for harvesters
and saw mills. RFID marking connects the physical objects with their database counterparts,
thus allowing the automatic tracing of the objects. The software architecture for acquiring and
sharing the traceability information was designed and implemented. The Traceability
Services connect the steps of the supply chain together and allows new methods for analyzing
the performance of the whole chain and any process within it. The developed architecture,
which is based on EPCGlobal architecture, allows sharing traceability data within and across
enterprises.
49
9. Discussion
This thesis gives a theoretical model for tracing the life cycle information of even a single
product. The model also supports the tracing of patches of different granularities. Further, the
thesis investigates how this model can be implemented in relational databases for storing the
life cycle information. Then, a multidimensional model that can be used for analyzing this
information is presented. The thesis also investigates the architecture for sharing life cycle
information between all supply chain stakeholders. In tracing product instances, they must be
identified by physical identifiers, which are then assigned to logical identities in databases.
The tracing of objects requires strict correspondence between objects at the logical and
physical levels. In some applications, the marking can be made at the patch level if a set of
physical products have similar features and supply histories. Now, also one logical object
identity can be used to refer to this identifier. In other words, one logical identity and physical
identifier can be used for referring to a set of physical products in some processes in a supply
chain. In general, the traceability graph can be used for different granularities of product
portions. The analysis precision depends on the granularity of the marking used at the
physical level. It is also possible to do the marking with different frequencies. For example,
in some cases it could be more reasonable to mark only the chosen objects and track the chain
through estimates.
For physical marking, there are various methods in use: Imprinting, the finger print method,
Laser marking, Label marking, Ink jet marking and transponder marking, but the thesis focus
on RFID. However, the presented logical manipulation approach is independent of the
physical marking method. In the transformation of objects (division or composition), old
physical identifiers have to be replaced by new ones. This may be a critical point when
aiming to utilize the presented approach in global supply chains. This is an issue for further
studies. From the perspective of real enterprise systems, the balance of marking costs and the
precision of tracing should be optimized. The extent of benefits achieved is dependent on the
supply chain stakeholder engagement and interest in making use of the developed
technology.
In order to present the data coherently and reliably, there has to be a standard set of rules
which are enforced by an external auditing party. The ISO 14025 (International Organization
for Standardization, 2006) specifies methods and programs for creating environmental
declarations. One program operator is an international EPD system which maintains a
specific set of product category rules that provide specifications for creating an
environmental declaration for products. The rules could be extended so that the
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environmental product declaration would be monitored in terms of real-time traceability-
based environmental data. When the environmental impact of the whole supply chain is
visible to the customers in a reliable and visible way, they can make educated choices to
select the product with the lowest environmental impact, which would encourage companies
to produce such data for their part of the supply chain and to optimize their production in a
sustainable way.
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10.Conclusions
The presented formal data-centric workflow model - called the traceability graph - integrates
data-centric aspects of products and processes to traditional graph-based workflows. The
approach supports the accumulation and aggregation of product life cycle data throughout the
supply chain. This allows storing and analyzing life cycle information from the data
management perspective. The model can be mapped to any precision level of physical
tracing. At the most precise level, even a single physical object and its components can be
analyzed. This, of course, requires that the related objects and their components are identified
and mapped to the database. From the opposite perspective, the model also supports the
rough-level analysis of products and their histories. The traceability graph is a general
method for modeling supply processes, although our real-life example was from the forest
industry.
The dissertation specifies the logical database schema for storing products' life cycle data and
describes how a multidimensional analysis can be applied to the life cycle data based on the
traceability graph using the traceability cube. The approach presented in the dissertation
supports the different phases of the life cycle assessment as follows: The traceability graph is
used to model the processes (LCA phase 1). The traceability data is collected to a database
based on the graph (LCA phase 2). The traceability cube is used to represent the impact
assessment and analyzing the results (LCA phases 3 and 4).
Based on the model, the presented infrastructure allows managing the life cycle data of
products in a complex and dynamic supply chain in an item level. The system can be used to
improve the life cycle data management of the products. The environmental impact
calculation is used as an example, but the same methodology can be used for other life cycle
management purposes, as well. For example, item-level traceability information would
enable improved tracing of origin, more efficient call backs common in food and automotive
industries and improved security against counterfeiting.
The dissertation presents an implementation of EPC Information Service which is used for
storing and sharing information about the objects between the stakeholders of the supply
chain. It is also proposed how this information can be shared between the supply chain
stakeholders using EPC network.
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The model presented can be used for creating a reliable system for measuring the
environmental impact of a single product and to present this information to customers so that
they are able to choose the products with the lowest environmental burden.
The dissertation consists of five papers. The first paper presents the data model for a
traceability system in the forestry wood supply chain. The second paper presents a model that
generalizes the model presented in Paper I and enables the allocation of life cycle information
throughout the supply chain to the traced product. The third paper specifies the logical
database schema for the model presented in Paper II. The fourth paper describes methods for
querying and analyzing the product life cycle information. The methods are built on the
database implementation presented in Paper III. The fifth paper presents a case study where
the traceability graph model is used as a basis for creating an IT infrastructure for sharing the
life cycle information of a product through supply chain stakeholders. The case study
implements the model and methods presented in papers II, III and IV. All the papers together
form a coherent story of the development of the system for product life cycle data
management.
53
References
Altintas, I., Berkley, C., Jaeger, E., Jones, M., Ludascher, B. and Mock, S. (2004). Kepler: an
extensible system for design and execution of scientific workflows. 16th International
Conference on Scientific and Statistical Database Management, 423-424.
Altintas, I., Barney, O., Jaeger-Frank, E. (2006). Provenance Collection Support in the Kepler
Scientific Workflow System. International Provenance and Annotation Workshop (IPAW
2006), 118-132.
Ameri, F., Dutta, D. (2005), Product Lifecycle Management: Closing the Knowledge Loops.
Computer-Aided Design & Applications, 2(5), 577-590.
Akram, A., Allan, R. and Kewley, J. (2006). Data Centric approach for Workflows. The
Tenth IEEE International Enterprise Distributed Object Computing Conference Workshops
(EDOCW 2006).
Attie, P., Singh, M., Sheth, A. and Rusinkiewicz, M. (1993). Specifying and enforcing
intertask dependencies. 19th International Conference on Very Large Data Bases (VLDB’93),
134-145.
Barseghian, D., Altintas, I., Jones, M.B., Crawl, D., Potter, N., Gallagher, J., Cornillon, P.,
Schildhauer, M., Borer, E.T., Seabloom, E.W. and Hosseini, P.R. (2010). Workflows and
extensions to the Kepler scientific workflow system to support environmental sensor data
access and analysis. Ecological Informatics 5(1), 42-50.
Barker, A. and van Hemert, J.I. (2007). Scientific Workflow: A Survey and Research
Directions. The Third Grid Applications and Middleware Workshop (GAMW’07), 746-753.
Berthomieu, B. and Diaz, M. (1991). Modelling and verification of time dependent systems
using Time Petri Nets. IEEE Transactions on Software Engineering 17(3), 259-273.
Bonner, A. J. (1999). Workflow, transactions and datalog. Proceedings of the Eighteenth
ACM Symposium on Principles of Database System (PODS’99), 294-305.
Booch, G., Rumbaugh, J. and Jacobson I. (1999). The Unified Modeling Language User
Guide. Addison-Wesley, Reading.
Carbon Trust (2008). Specification for the assessment of the life cycle greenhouse gas
emissions of goods and services. PAS 2050:2008.
54
Chaudhuri, S. and Dayal, U., (1997). An Overview of Data Warehousing and OLAP
technology. ACM SIGMOD Record 26(1), 65-74.
Chervenak, A., Foster, I., Kesselman, C., Salisbury, C. and Tuecke, S. (2001). The Data Grid:
Towards an Architecture for the Distributed Management and Analysis of Large Scientific
Datasets. Journal of Network and Computer Applications 23, 187-200.
Clifford, B., Foster, I., Hategan, M., Stef-Praun, T., Wilde, M. and Zhao, Y. (2008). Tracking
provenance in a virtual data grid. Concurrency and Computation: Practice and Experience
20(5), 565–575.
Cohen, S., Boulakia, S. C. and Davidson, S. B. (2006). Towards a model of provenance and
user views in scientific workflows. Third International Workshop in Data Integration in the
Life Sciences (DILS 2006), 264–279.
Curcin, V. and  Ghanem, M. (2008). Scientific workflow systems - can one size fit all? 5Th
Biomedical Engineering Conference (CIBEC 2008), 18-20.
Dada, A., Rau, A., Konkel, M., Staake, T. and Fleisch, E. (2010). The Potential of the EPC
Network to Monitor and Manage the Carbon Footprint of Products: Dynamic Carbon
Footprint Demonstrators. Auto-ID Labs White Paper WP-BIZAPP-054.
Dada, A. and Staake, T. (2008). Carbon Footprints from Enterprises to Product Instances:
The Potential of the EPC Network. GI Jahrestagung, LNI 134, 873-878.
DiCesare. F., Harhalakis. G., Proth J.M., Silva. M. and Vernadat. F.B. (1993). Practice of
Petri Nets in Manufacturing. Chapman and Hall.
Ellis, C. A. and Nutt, G. J. (1980). Office Information Systems and Computer Science. ACM
Comp. Surv. (12), 27-60.
EPCglobal. (2007). EPC Information Services (EPCIS) Version 1.0.1 Specification,
EPCglobal Ratified Standard. www.epcglobalinc.org/standards/epcis/epcis_1_0_1-standard-
20070921.pdf. [Visited 2011-10-01].
EPCglobal. (2008a). Object Naming Service (ONS) Standard Version 1.0.1, EPCglobal
ratified standard, http://www.epcglobalinc.org/standards/ons/ons_1_0_1-standard-
20080529.pdf. [Visited 2011-10-01]
EPCglobal. (2008b). Tag Data Standard v. 1.4, EPCglobal Ratified Standard, June 2008.
http://www.epcglobalinc.org/standards/tds/tds_1_4-standard-20080611.pdf. [Visited 2011-
10-01]
55
EPCglobal. (2009a). EPCglobal Architecture Framework Version 1.3,
http://www.epcglobalinc.org/standards/architecture/architecture_1_3-framework-
20090319.pdf. [Visited 2011-10-01]
EPCglobal. (2009b). Application Level Events (ALE) Standard Version 1.1.1, EPCglobal
ratified standard, http://www.epcglobalinc.org/standards/ale/ale_1_1_1-standard-core-
20090313.pdf. [Visited 2011-10-01]
Finkenzeller, K. (2004). RFID Handbook Fundamentals and Applications in Contactless
Smart Cards and Identification, 2nd ed., Wiley.
Floerkemeier, C. and Lampe, M. (2005). RFID middleware design - addressing both
application needs and RFID constraints. GI Jahrestagung 1, 277-281.
Foster, I., Kesselman, C. and Tuecke, S. (2001). The Anatomy of the Grid: Enabling Scalable
Virtual Organizations. International J. Supercomputer Applications 15(3), 200-222.
Freire, J., Koop, D., Santos, E. and Silva, C. (2008). Provenance for computational tasks: A
survey. Computing in Science & Engineering 10(3), 11-21.
Gonzalez, H., Han, J. and Li, X. (2006). FlowCube: Constructing RFID FlowCubes for
Multi-Dimensional Analysis of Commodity Flows. Proceedings of the 32nd international
conference on very large data bases, 834-845.
Gonzalez, H., Han, J., Li, X. and Klabjan, D. (2006b), Warehousing and analyzing massive
RFID data sets. Proceedings of the 22nd International Conference on Data Engineering, 83.
Grieves, M. (2006). Product Lifecycle Management – Driving the next generation of Lean
thinking. The McCraw-Hill Companies.
Harrison, M. (2003). EPC information service - Data Model and Queries. White paper, Auto-
ID Centre for Manufacturing, University of Cambridge.
Häkli, J., Jaakkola, K., Nummila, K., Nilsson, Å., Puntanen, V. and Sirkka, A. (2010). Usage
of RFID in the Forest & Wood Industry and Contribution to Environmental Protection.
Vision and Challenges for Realising the Internet of Things - IoT Clusterbook. European
Commission. 165-173.
Ilic, A., Staake, T. and Fleisch, E. (2009). Using Sensor Information to Reduce the Carbon
Footprint of Perishable Goods. IEEE Pervasive Computing 8(1). 22-29.
56
International Organization for Standardization. (1997). ISO 14040, Environmental
Management - Life Cycle Assessment - Principles and Framework, ISO 14040:1997(e).
International Organization for Standardization.
International Organization for Standardization (2006). ISO 14025 - Environmental labels and
declarations -- Type III environmental declarations -- Principles and procedures”, ISO
14025:2006(e). International Organization for Standardization.
International Organization for Standardization. (2011). ISO 14067 - Carbon Footprint of
Products, ISO 14067:2011(e). International Organization for Standardization.
Niemi, T., Junkkari, M., Järvelin, K. and Viita S. (2004). Advanced query language for
manipulating complex entities. Information Processing and Management. 40(6), 869-889.
Junkkari, M. (2005) PSE: An Object-Oriented Representation for Modeling and Managing
Part-of Relationships. Journal of Intelligent Information Systems 25(2), 131-157.
Kifer, M., Lausen, G. and Wu, J. (1995). Logical foundations of object-oriented and frame-
based languages. Journal of ACM (42), 741-843.
Kosinski, P. R. (1973). A data flow language for operating systems programming. SIGPLAN
Notices (8), 89-94.
Krompass, S., Aulbach, S. and Kemper, A (2007). Data Staging for OLAP- and OLTP-
Applications on RFID Data. Proceedings of Datenbanksysteme in Business, Technologie und
Web (BTW 2007), 542-561.
PE International. (2002). Process data set: Process data set: Spruce wood; timber; production
mix, at saw mill; 40% water content (en). PE International,
http://lca.jrc.ec.europa.eu/lcainfohub/dataset2.vm?id=49.  [Visited 2011-10-01]
Pennington, D., Higgins, D., Peterson, A.T., Jones, M.B., Ludaescher, B. and Bowers, S.
(2007). Ecological niche modeling using the Kepler workÀow system. WorkÀows for
eScience: Scienti¿c WorkÀows for Grids, Chapter 8. Springer.
Petri, C.A. (1966). Communication with automata. DTIC Research Report AD0630125.
Prodonoff Jr., V., Da Silva, S.B., Hwang, Y.M. and Mitchell, R. (2008). ROI from Auto-ID
Deployment in Aerospace Logistics. Aerospace ID publications. www.aero-
id.org/research_reports/AEROID-CAM-018-ROI.pdf [Visited 2011-10-15]
57
Murata. T. (1989). Petri nets: properties, analysis and applications, Proceedings of the IEEE
77(4), 541-80.
Simmhan, Y. L., Plale, B. and Gannon, D. (2005). A survey of data provenance in e-science.
SIGMOD Record 34(3). 31–36.
Sirkka, A. and Junkkari, M. (2010). Data management framework for monitoring and
analyzing the environmental performance, ICGREEN 2010, Proceedings of INNOV 2010, 57-
62.
Stark, J. (2011), Product Lifecycle Management – 21st Century Paradigm for Product
Realisation, Springer-Verlag, London.
Stockman, H. (1948). Communications by means of reflected power, Proceeding of the IRE
36(10), 1196–1204.
Sudarshan S. Chawathe, V. Krishnamurthy, S. Ramachandran, and S. Sarma, Managing
RFID Data. Proceedings of the Thirtieth international conference on Very large data bases
(VLDB´04), 1189-1195.
Torlone, R. (2003). Conceptual Multidimensional Models. Multidimensional Databases:
Problems and Solutions. Idea Group Publishing,  69-90.
Usva, K., Hongisto, M., Saarinen, M., Katajajuuri, J.M., Nissinen, A., Perrels, A., Nurmi, A.,
Kurppa , P. and Koskela, S. (2009). Towards certifies carbon footprints of products – a road
map for data production. VATT Research Reports 143:2.
van der Aalst, W. (1998). The application of Petri nets to workflow management. J. of
Circuits, Syst. and Computers (8), 21-66.
van der Aalst, W. and van Hee, K. (2002). Workflow Management, Models, Methods, and
Systems. The MIT Press, Cambridge.
van der Aalst, W., Ter Hofstede, A. H. M. (2005). YAWL: Yet another workflow language.
Information Systems 30(4), 245-275.
Wang, F., Liu, S. and Liu P. (2010). A Temporal RFID Data Model for Querying Physical
Objects. Journal of Pervasive and Mobile Computing 6(3). 382-397.
Yu J., Buyya, R. (2005). A Taxonomy of Workflow Management Systems for Grid
Computing. Technical Report, GRIDS-TR-2005-1, Grid Computing and Distributed Systems
Laboratory.
Modelling Traceability in the 
Forestry Wood Supply Chain 
Antti Sirkka 
                    University of Tampere              TietoEnator Forest & Energy Oy 
           Kalevantie 4, 33014 Tampere, Finland              Häkiläpolku 3 A, 33101 Tampere,  Finland  
      antti.sirkka@uta.fi           antti.sirkka@tietoenator.com 
 
Abstract—Equivalent of €5 billion of wood raw material is going 
to waste in Europe. The reason is that information regarding the 
raw material is not available throughout the system. An 
automatic traceability system makes it possible to use the raw 
material information throughout the forestry wood production 
system. The RFID-technology can achieve automatic traceability 
by enabling us to connect the physical world objects with their 
virtual counterparts. This traceability system needs to have a 
temporal data model to support tracking of the raw material and 
monitoring of the processes. In this paper, that data model for 
the traceability system of the forestry wood supply chain is 
presented. 
I. INTRODUCTION 
The forestry wood supply chain can be defined as a network 
of autonomous or semiautonomous business entities 
collectively responsible for procurement, manufacturing and 
distribution activities of the product. In the supply chain 
different business entities are highly dependent on each other. 
The performance of the supply chain depends highly on the 
performance of each business entity. One pressing problem in 
several supply chains is the non-optimal use of resources. This 
can be solved by introducing the real-time traceability solution 
for the material flow. 
The forestry wood supply chain has a concern with 
allocating the right raw material for the right final product. 
This is caused by the following facts: Firstly, the supply chain 
is not continuous and consists of many steps. Secondly, the 
biological raw material is very complex. Accurate data is 
collected during every step but most of this data is lost later in 
the supply chain. The core problem is to acquire product and 
production information for each item and enable utilisation of 
this information through the supply chain. 
Nowadays wood is treated as bulk material in the forestry 
wood supply chain and it has to be graded in the final stages 
of the production process to find out if it meets the demands 
of the customer. However, we can define quality attributes 
needed for different end products. By using the RFID 
technology to identify the individual objects in the supply 
chain we can enable the pull model for the wood material. 
Traceability improves control over the flow of wood and 
the follow-up of the processes of the supply chain. The more 
accurate and complete information about the wood origin and 
the processes allows big improvements in the supply chain. 
For example in the window frame manufacturing we can 
maximise the yield if we minimise the amount of knots in the 
boards. This can be achieved by selecting trees with high 
internode length to be harvested and directed to the window 
frame manufacturer.  
There are some previous researches made about RFID data 
modelling.  Liu & Wang developed a model in [1] and it was 
developed further in [2-4]. Nguen et al. presented their model 
which includes business transactions in [5]. Harrison 
presented categories of RFID data and some query examples 
in [6].  However, these models do not take into account the 
specific nature of wood products production where the raw 
material evolves throughout the supply chain.  
 In this work the data model presented in these studies is 
extended to be able to handle the evolution of the wood 
objects. The presented model also includes the connection 
between the process parameters of the supply chain and the 
flow of the wood objects. This enables the traceability of the 
processes. 
II. MODELLING FORESTRY WOOD SUPPLY CHAIN  
The data concerning the raw material flow in the forestry 
wood supply chain is by nature temporal and dynamic. The 
individual associated data is collected throughout the supply 
chain using smart identification techniques. The individual 
associated data is a data concerning all the wood objects that 
have been used to create an upgraded product. For example if 
the upgraded product is a window frame the evolution path for 
the window frame is tree(s), log(s), board(s), pieces of board.  
 
FIG. 1.  TRACEABILITY CHALLENGE. 
In the forestry wood supply chain information can be 
divided into dynamic and static information. Static 
information is information about processes, locations and 
entity types. Dynamic information is information about 
individual objects (tree-log-board-upgraded product) and 
process measurements (energy used, waste produced).  
When researching different forestry wood supply chains we 
can detect the following entities that can be used to model all 
the supply chains which are examined: the object, the process, 
the observation and the measurement. 
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FIG. 2. MODEL OF FORESTRY WOOD TRACEABILITY SYSTEM 
The object entity includes both separate objects such as tree, 
log, board and upgraded product and containment objects like 
package, kiln patch. The objects have also the parent-child 
relation for wood object evolution. For example a board is 
sawn from a log. All the objects have also some properties 
like moisture and a location. The purpose of the system is to 
keep track of the locations of the objects. The location can be 
either geographic (coordinates) or symbolic (the warehouse, 
the route between A and X). When keeping track of the 
changes in the system we need to take into account the 
ramification problem and the qualification problem. The 
ramification problem deals with the constraints of an action 
and the qualification problem is used to determine the 
constraint(s) in which the action is allowed to be executed. 
Every distinguishable step in the forestry wood supply 
chain is called a process which is modelled with event(s).  A 
process has a specific set of properties. There are three types 
of process properties: informational, input and output 
properties. The informational properties are not consumed in 
the process. The input and output properties can be either 
economical or environmental.  Traceability allows connecting 
these process properties to individual objects and thus we can 
define all the costs and environmental effects concerning the 
life cycle of the individual objects. We distinguish three 
different types of events in the forestry wood supply chain – 
Usage, Produce and Transform. The usage type of the event 
uses a wood object. The produce type of the event produces a 
wood object and the transform type of the event changes the 
property values of the wood object. The relations between 
processes and events are modelled with the relations that were 
defined by Allen [7]. They define the relation between two 
time intervals and are: Equals, Precedes, Meets, Overlaps, 
Finishes Contains, Starts and their inverted relations. They 
cover all the temporal relations between two events.  
The meaning of traceability is to track the dynamic 
interactions between processes and objects, e.g. to track the 
change of the location property of an object in the supply 
chain. This is done with observations. An observation is 
generated when an object is detected with an event provider. 
An observation is connected to a measurement that is needed 
to be able to track the changes of other object properties like 
moisture. For example: In the log reception the log is 
observed with an RFID-reader and it is measured with a 3-d 
scanner, log reception event is then sent to the database. 
III. USING THE TRACEABILITY INFORMATION 
The traceability information improves control over the flow of 
wood and the follow-up of the processes of the supply chain. 
For example, the traceability system stores the information 
about wood object relations in the following tables. 
 
FIG. 3. OBJECT AND OBJECT RELATIONS 
The traced wood objects and their life times are stored in 
the table Object. The table ObjectRelation is used to store 
object parent/child relations and the table object containment 
is used to store containment relations. By using these tables 
the user can fetch the evolution path of the wood object by the 
recursive query. For example in the Oracle database: 
SELECT childObjectID 
FROM ObjectRelation 
START WITH childObjectID = 'EPC_CODE’ 
CONNECT BY PRIOR parentObjectID = childObjectID 
By using the wood object traceability data together with the 
process property measurements the user can calculate the 
economic and environmental key performance indicators of 
the process. For example, the user can calculate the energy 
used in the drying process and correlate it to the amount of 
boards dried. 
energy used = SELECT Value FROM ProcessMeasurement 
WHERE  process = ‘KilnDrying’ AND 
                 processProperty = ‘EnergyUsed’ AND 
 trunk(measurementTime) = to_date(‘01-JAN-2008’) 
boards dried = SELECT count(objectEPC) FROM Observation 
WHERE location = ‘DryingKiln’  AND 
  trunc(observationTime) = to_date(‘01-JAN-2008’) 
In this work we extend the RFID data model so that it 
supports tracing of the evolution of the wood objects and 
connects the process information to the product information, 
thus allowing the users to calculate environmental and 
economical key performance indicators for the supply chain.  
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ABSTRACT 
 
Data-centric workflows focus on how the data is transferred between processes and how 
it is logically stored. In addition to traditional workflow analysis, these can be applied to 
monitoring, tracing, and analyzing data in processes and their mutual relationships. In 
many applications, e.g. manufacturing, the tracing of products thorough entire lifecycle 
is becoming more and more important. In the present paper we define the traceability 
graph that involves a framework for data that adapts to different levels of precision of 
tracing. Advanced analyzing requires modeling of data in processes and methods for 
accumulating resources and emissions thorough the lifecycle of products. The 
traceability graph enables tracing and accumulation of resources, emissions and other 
information associated with products. The traceability graph is formally defined by set 
theory that is an established and exact specification method. 
Keywords 
Data-centric workflow, data model, lifecycle data management 
1. INTRODUCTION 
In many applications, e.g. manufacturing, workflows are used to model processes and the 
relationships among them. Processes are widely studied from the perspective of process modeling 
but seldom investigated from the perspective of the requirements of data models.  
Data-centric workflow [4, 8] approach for designing workflows is based on defining how the data 
is transferred between processes and how it is logically stored. The approach examines how 
processes transform data and which entities send and receive the data. The main goal of data-centric 
workflow is to present the data sets in the workflow. In other words data-centric workflows must 
involve an integrated data model for storing and manipulating data. 
In the present study, we develop a data-centric workflow approach involving such a data model. 
It supports dynamic data management techniques for data refinement such as aggregation, attribute 
value propagation, and embedded functions (derived attributes). Integration of object (entity) 
transformation (object division/composition) with other dynamic data management issues gives an 
advanced approach to analyze data associated with processes, products the processes yields, and 
their components. In our terminology product is a general term used to refer to objects resulting 
from a process. An identified (database) object is an entity represented with its properties. 
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The problem of focusing on the correspondence between database and real world objects 
(entities) is as old as the databases in general. Chen [9] defined that the entity is a “thing”, which 
can be distinctly identified. In object-orientation (see e.g. [7, 10, 24, 26]) an object is a thing that 
has existence perse. The problem of these approaches is how identifying of real world objects 
corresponds to database objects and vice versa. In practice a database object may represent e.g. 1) a 
single real word object, 2) a set of real word objects,  or 3) a mass of material that can be identified 
e.g. based on its usage at a time. Furthermore, composed objects, having parts organized at several 
hierarchy levels, have their own manipulation needs (see e.g. [18, 23, 24]). Data modeling and 
manipulation in workflows share the complexity of composed objects because transitive 
relationships must be managed. Further a workflow may structurally correspond to a composed 
object because it can describe the related composing process.   
In our approach a database object may correspond to a real life object, object set or mass of 
material that can be physically identified thorough the part of process chain in which it is 
participating. This means that physical objects of a patch are manipulated by a single database 
object if physical objects can not be individually identified. It is worth noting that in our 
terminology, the object set means the set of database objects, although a single database object 
would refer to a set of physical objects. 
In data-centric workflows, the manipulation of objects requires specific features because objects 
may be changed into other objects in both the logical (in databases) and physical (real world) levels. 
Namely, an object may be divided into other objects or several objects can be composed into a 
single object. This means that object transformation must be modeled. In addition, objects are 
manipulated in patches that can be divided into subsets. In turn patches may be collected into larger 
patches. Table 1 summarizes the cases of object transformation. 
Table 1. Identity manipulation 
 
Transformatio
n 
Identity Description 
equivalence  maintain a patch is transferred from a process to another as such  
subsetting, maintain a patch is divided into subsets for refining 
supersetting, maintain several patches are collected together for refining 
division  change objects in a patch are divided into several objects 
composition change objects in patches are composed to single objects  
 
We use the term supply chain, borrowed from manufacturing, to determine all the processes that 
are participating directly or indirectly in the production of a product. A supply chain is a directed 
subgraph of a workflow diagram. Structurally, a supply chain consists of supply processes following 
each other in a partial order, i.e. the result of a process is a raw material for another process. 
Processes possess properties, such as resources and emissions, associated with the result products of 
processes. From data-oriented perspective, these properties are accumulated in a supply chain, i.e. 
the information on the preceding processes of a process is also associated with the process and its 
products. For example, if we want to calculate used energy of a product, all history (preceding 
processes) must be taken into account. For modeling this accumulation of products, a process 
contains two values: ordinal and cumulated where the ordinal value is focused on an underlying 
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process whereas the cumulated value is aggregated from previous processes. The information from a 
process to another is sifted by derived attributes. 
In data models the intensional (schema) and extensional (instance) levels are typically 
distinguished. In models of complex structures, such as composed objects, the strict correspondence 
between these levels is an essential challenge because instances (objects) of an object type may 
structurally vary from each other. The same concerns many applications of workflows, i.e. the 
supply chains of similar objects may vary from each other and different data are associated with 
objects and their components. For management of the structural diversity of composed objects, 
integrating the intensional and extensional levels with each other is proposed [18]. This allows 
advanced structural analysis and declarative query formulation thorough transitive relationships 
[21]. In the present paper, we adopt the idea of integrating the levels into each other, i.e. we do not 
have explicitly separated workflow schemata and instances. The same concerns the data associated 
with workflows. This gives a possibility for flexible forming of data-centric workflows. 
In the present study we define a data-centric workflow model called the traceability graph. In 
general, the following goals are attached to the traceability graph. 
1. Embed logical storing structures of data into a workflow model. Data associated with 
processes and products must be stored within data structures from which it can be search and 
redefined.   
2. Ability to manipulate objects, object sets and their transformation. In processes, object sets 
can be divided into subset or be unionized into larger sets. Single objects can be divided into 
smaller objects or single objects can be composed from other objects.   
3. Support for querying and analysis of data. The supply chain with cumulated resources and 
emissions of a patch or single objects can be derived from a traceability graph. 
4. Ability to manipulate the properties of processes and allocate them to different products. 
The traceability graph involves the  cumulated values of ordinary attributes and the concept of 
the derived attribute. The cumulated value is deduced from attributes based on previous 
processes. Derived attributes are associated with sifting of products from a process to another. 
The related calculation rules are based on rations of the amount of products in processes and 
their transforming among processes.    
5. Formal generality. In formal specification we use set theory that gives freedom to implement 
the system in different database paradigms, e.g. relational, object-oriented or deductive data 
models.  
6. Application independency. The model is not bound to any specific application area. Our 
sample application is from the forest industry, but the model can be applied to other domains.  
The rest of the paper is organized as follows. In Section 2 we present a short survey on workflow 
models. In Section 3 we aim to motivate our work by introducing different use cases of data-centric 
workflows. Among them, we focus on the life cycle assessment because the requirements for strict 
tracing demands advanced analysis that is applicable to other use cases.  Section 4 deals with the 
graphical notations of the traceability graph and an informal introduction for our sample application 
domain. The used mathematical notational conventions are given in Section 5 and the formal 
representation of the traceability graph is given in Section 6. The analytic capabilities of the 
traceability graph are described in Section 7 and in Section 8 we present problems and solutions to 
share the data of data-centric workflow with several stakeholders. Finally, the conclusions are given 
in Section 9.     
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2. RELATED WORKS 
For describing functionality (dynamic aspects) of information systems, various graph based methods 
have been developed. Early data flow languages e.g. [20] were primarily intended for modeling the 
activity of computer programs, whereas workflow models [3] are focused on modeling physical 
processes and activities. Historically, the distinction between dataflow and workflow models is 
vague and some authors [13] use the term “information flow” for describing flowing of all 
information from a process to another. Nowadays, different types of activities are typically 
distinguished in workflow diagrams, like sending, transforming and packing of materials. Some 
modern modeling methods of information systems, e.g. UML [7], contain diagrams for dynamic 
aspects of programs (interaction diagrams) and modeling of workflows (activity diagram).  
In workflows materials, documents and other information are transferred from a process to 
another [3, 6]. The workflow model of UML is informally defined and its purpose is to map real 
world activities to the underlying software solution (or visa versa). There are also a number of 
commercial applications that have a component for drawing workflow diagrams. Their common 
feature is that they support the illustration of different types of processes. 
There are also formal methods for modeling functionality of information systems that are not 
primarily intended to any specific purpose. For example Petri nets are traditionally used for defining 
or describing functionality of computer programs, but they are also proposed for exact 
representation of workflow models [1], [3]. YAWL [2], Temporal logic [5], and Transaction Logic 
[6] are other good representatives for formalizing workflows. These methods emphasize timing 
within processes and supply chains. In general, these are very expressive languages that enable not 
only modeling of the functionality of systems but also other aspects of information systems. For 
example Transaction Logic is based on F-logic [20] that is a general framework for specifying 
object-oriented and deductive aspects. Workflow models have been investigated from the 
perspective of how they support different data-centric aspects [11]. The main aspects include 
concentrating on process functionality based on the data, i.e. each node has behavior instructions 
with regard to the data.  
From our perspective, timing representation in YAWL, Temporal logic, and Transaction Logic is 
a secondary feature. Instead we emphasize handling the data aggregation and movement between 
processes.  
Deutsch and others [12] present an advanced data-centric business processes model and its 
verification. They define several essential primitives such the artifacts schema, artifact instance, and 
service logically integrated with each other. Our study differs from their approach. First, instead of 
separated intensional and extensional levels we integrate these composed data structures. Of course, 
behind our approach may be a predefined data schema, but the data schema can also be derived 
from the traceability graph. In other words, we do not specify whether a data schema is predefined 
or derived. Second, we address the explicit object sifting, transformation and derivation of the 
information thorough of processes.  
We aim to find the principal primitives needed to model and manipulate data-centric aspects in 
workflows in a way that enables tracing of products at different granularity levels. We do not bind 
our model to any existing data or workflow methods, i.e. we give freedom to apply our model into 
existing formalisms and systems.  
In the related previous studies we have presented only graphical notations of the traceability 
graph and its implementation in relational data bases [19]. Based on the relational representation we 
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have introduced possibilities for OLAP analysis [26]. However, these studies were ad-hoc. Now we 
give a general formal definition for data-centric workflow model.  
3. MOTIVATION 
The traceability graph is a data-centric workflow model for tracing, analyzing and querying data. 
Next we introduce some practical use cases and their background for the Traceability Graph. 
3.1 Life Cycle Assessment 
The product level environmental impact assessment has become more and more important. The 
main approach for assessing this are international standards of the life cycle assessment (LCA) (ISO 
14040 series [16]) and eco-labels (ISO 14020 [15]) and verification (ISO 14064 [17]). ISO has also 
started to develop standards for Quantification and Communication of the Carbon footprint of a 
product (ISO 14067). 
The life cycle assessment (LCA) is a standardized method for calculating the environmental 
burden of a product throughout its lifespan, from raw materials to the disposal/recycle phase. The 
goal of LCA is to compare the environmental impact caused by a product so that the customer can 
choose the product that causes least damage to the environment. LCA has four main phases: 
In the first phase, the goal and boundaries of the life cycle assessment are defined. In other words 
processes of the supply chain of the product are defined. In this phase also the functional unit is 
specified. For example a cubic meter of timber, one mobile phone or one tomato. 
In the second phase, illustrated in Figure 1, called life cycle inventory analysis, each process is 
analyzed and the input and output flows of the processes are defined. There are two basic flow 
types.  
• Elementary flows describe inputs of raw materials and energy resources, and outputs of waste 
and emissions.  
• Product flows describe inputs of products which are an output of other processes, and outputs of 
products, by-products. 
The third phase of LCA is impact assessment where the results of the life cycle inventory analysis 
are assigned to the environmental impact categories (e.g. Climate change, Ozone depletion and 
Acidification). For example, the carbon dioxide and methane are greenhouse gases and are assigned 
to the Climate Change category. The fourth phase is the interpretation where conclusions of the 
analysis are made. 
The traceability graph, defined in the present paper, can be used for tracing and storing the 
inventory data, the impact assessment and interpretation phase is excluded. Unlike existing methods 
our model enables analyzing resources and emissions on the single product level – not only average 
values. Nowadays a common method for calculating the environmental impact is to measure the 
input and output flows of the whole supply chain during some time period and calculate the average 
environmental impact for the product (see e.g. [22]).  
We have designed our sample system from the perspective of life cycle assessment in order to 
demonstrate traceability in a forest industry area. We especially aim to demonstrate possibilities that 
the traceability graph gives for tracing products that are composed from several components, and 
the components, in turn, have been divided from larger sub-products.  
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Although we emphasize environmental aspects in our example, the traceability graphs can be 
applied to other advanced tasks needed in different application domains.  
3.2 Origin of Raw Material 
The organizations are facing more pressure from consumers and legislators to accurately report the 
origin of their raw material. However, the complexities of today’s supply chains pose a challenge 
for gathering this data accurately. For example in the forest industry the companies are certificating 
their product using PEFC1 chain-of-custody certification. The PEFC chain-of-custody certification 
is a method for tracing wood from forest to  the final product to ensure the wood or wood-fibre can 
be traced back to certified forest. The certification has two methods of realizing this:  
• Percentage based method – the method allows mixing certified and non-certified raw materials 
taking into account that the percentage of certified raw material must be known. Company can 
sell as certified the proportion of its production, which equals the proportion of the certified raw 
material 
• Physical separation method – the method requires certified and non-certified raw material to be 
physically separated throughout the supply chain.  
Naturally, the methods can be integrated and improved using the Traceability Graph. The accurate 
item level information of the origin can be used to create a transparent and trustworthy certification 
system for origin. 
3.3 Recalling Products 
The traceability graph enables better and more accurate service for recalling unsafe, defective or 
hazardous products.  
The item level traceability allows manufacturers to recall just the particular products that contain 
the unsafe elements. For example Toyota recalled approximately 9 million cars in 2009-2010 for 
pedal entrapment/floor mat problems and accelerator pedal problems. If the reason of recall is for 
example a faulty set of components, a manufacturer could have only recalled those cars that include 
the faulty components, not the whole set of manufactured cars in some time period. 
The item or patch level traceability can also be used in food industry to avoid total recalls. The 
traceability graph enables manufacturers, suppliers and resellers to identify the products where some 
suspected raw material was used and all customers whom the products were delivered. Using the 
system companies are better equipped to retrieve the affected products and to protect their 
reputation and brand value. 
3.4 Benchmarking 
The traceability graph can also be used for benchmarking the processes. By comparing the 
environmental performance of the same type of processes companies can detect whether the 
performance metrics of their process are up to the best practices in the industry. This allows 
companies to notice where they could achieve the biggest improvements in their environmental 
performance. 
                                                                 
1 http://www.pefc.org/ 
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4. INFORMAL DESCRIPTION OF TRACEABILITY GRAPH  
The traceability graph can be used to model the supply processes of products and the data associated 
with the products. The traceability graph has an ability to manage the transformations of the 
products. For example a product may be manufactured using masses of raw materials or it can be 
composed from many parts. The traceability graph also has the ability to allocate the properties of 
processes to the products handled in processes. 
Next we introduce the primitives of the traceability graph, a rough graphical representation, and 
the sample system used from now on. 
4.1 Primitives of Traceability Graph 
The traceability graph consists of nodes, edges and their properties. A node describes a process 
whereas an edge describes a flow between processes. Next we introduce data-centric primitives 
associated with nodes and edges. 
• An object is a product unit uniquely identified in a supply chain. It may correspond to a single 
product or a patch or a mass of material, depending on the precision of the actual traceability 
system.  
• A product portion determines a patch of products of a node. It can be associated with a set of 
objects or a mass of non-identified material. The product portion involves a ratio which is used 
to allocate the costs (e.g. emissions and resources) of the node to which the product portion 
belongs. 
• An attribute of a node describes process information – elementary flows. Input attributes 
represents input costs, e.g. raw materials and resources, used in the process. Output attributes 
represents output costs, e.g. emissions and waste, generated in the process. For other information 
of processes the info attributes can be used. Each attribute has two values: an (ordinary) value 
for the underlying process and a cumulated value which is calculated from the preceding nodes 
via edges. 
As a whole, a node involves an identity, a set of product portions and a set of attributes. An edge is 
identified by participating nodes, called start and end nodes. Furthermore it contains the following 
primitives: 
• A sifted product portion contains products that are sifted from a process to another. A sifted 
product portion may involve only some objects from the original product portion.  
• Object mapping belongs to a sifted product portion. It can be equivalence, subsetting, 
supersetting, division or composition. For example subsetting means that only a part of the 
product portion is selected for refining. Division means that products of the start node are 
divided in the end node. Composition means that products of the start node are components for 
the products of the end node. It is worth noting that unlike in set mappings the identities of 
objects are changed in division and composition.  
• A derived attribute determines the quantity of emissions and raw materials associated with the 
sifted product portions. It is calculated using process specific rules. For example, the volume or 
the cost of the product can be used as a factor. 
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4.2 Graphical Notations 
The graphical notation for the traceability graph is a rough level description about processes where 
data-centric primitives are mainly hidden. However, it gives a framework for information 
transferring among processes and illustrates object transformation (division and composition) 
between processes. 
In the graphical representation, a node is illustrated by a circle, and an edge by an arrow – i.e. we 
follow the traditional illustration for graphs. Three kinds of edges are notationally distinguished: 
• Plain edge is presented by a plain arrow and it determines that objects are transformed from the 
start node to the end node as such. This covers equivalence, subsetting and supersetting 
mappings of objects. 
• Division edge represents that the objects of the start node are divided in the end node. In other 
words, several objects in the end node are mapped to one object in the start node. This is 
illustrated by a double head arrow. 
• Composition edge means that objects in the start node are components for an object of the end 
node. In other words, several objects in the start node are mapped to one object in the end node. 
This is illustrated by an arrow having divided start.  
4.3. Sample System 
In terms of our example from the manufacturing and forest industry we demonstrate the use cases 
presented in Section 3. In Figure 1 a simplified production of glued laminated timber is illustrated. 
The processes included in the example are felling the trees (harvesting), sawing logs to boards, 
drying the boards and jointing the glued laminated timbers from boards.  
The first phase of production has three instances (nodes), describing the amount of daily 
harvesting. The movement of the products is illustrated from to left to right in the graph. For 
example, the products resulted from the harvesting nodes are transferred to the sawing node, a 
double headed arrow illustrates that in the sawing nodes, the objects (logs) from harvesting nodes 
are divided into several objects (boards).  
Between Sawing and Drying nodes the objects are not changed. This is illustrated with a plain 
arrow. The mapping between the object sets in these cases can be equivalence, subsetting or 
supersetting. In other words the objects from the preceding node can be moved as such, or only part 
of the objects can be moved, or all the objects can be moved from the preceding node together with 
some objects from other nodes. 
In the gluing nodes the objects from the drying nodes are composed as an object of the gluing 
node. In other words objects from the drying nodes are components of objects in the gluing nodes. 
An arrow with a divided start illustrates this. The emissions and resources associated with the 
products of the drying nodes are accumulated to a new set of objects in the gluing node. 
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Figure 1. Sample Traceability Graph. 
A supply chain of an object can be viewed as a network of processes that are associated with the 
product during its manufacturing. Using the information of the traceability graph it is possible to 
track the supply chain of the object throughout its entire supply chain and allocate all the 
information related to those processes to the object.  
Given the running example, we are tracing the environmental burden of the glued laminated 
timber that belongs to the Gluing #N6 node. Then the supply chain of this glued laminated timber is 
the processing history of the objects. In Figure 2 the colored nodes are the processes that constitute 
the supply chain of the paper roll. For example, the glued laminated timber has participated in the 
nodes Drying#N5, Sawing#N3, Harvesting#N1 and Harvesting#N2. This sub graph of the total 
traceability graph is the supply chain of the glued laminated timber. 
Harvesting
#N1
Harvesting 
#N2
Sawing 
#N3
Drying 
#N4
Drying 
#N5
Gluing
#N6
 
Figure 2. Sample supply chain for the object in node Gluing #N6 
In the related formal example we demonstrate the precision of tracing that the tractability graph 
serves. Before that we introduce the used notational conventions for the definitions. 
5. NOTATIONAL CONVENTIONS 
Standard set theory is used for representing the traceability graph. Next we introduce only those 
notational conventions which have widely used alternative representations. 
• Tuple is an ordered sequence of elements represented between angle brackets. For example 
〈a,b,c〉 is a tuple.  
• If t is a tuple and x its uniquely labeled member then t.x refers to x in t. For example if t = 〈a,b,c〉 
then t.b refers to the second member of t. 
• If it is not necessary to refer to a member of a tuple the underline space can be used. For 
example in 3-tuple 〈_,x,_〉 the first and last members are not referred. 
• The power set of the set S is denoted by P(S)  
• Cartesian product between sets A and B is denoted by A × B. 
• Mapping f from a set X to another set Y is a 2-place relation (⊆ X × Y) denoted by f:X → Y. X 
or Y may be a set consisting of sets, e.g. a power set. 
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• If  R is a 2-place relation R ⊆ X × Y  then the domain of R ({x ∈ X | 〈x,y〉 ∈ R}) is denoted by 
dom(R),  whereas the range ({y ∈ Y | 〈x,y〉 ∈ R}) is denoted by rng(R). 
A (directed) graph is a pair (N,E) where N is a set of nodes (vertexes) and E is a set of edges. 
Nodes and edges are represented by set theory as follows:  
• A node is represented as a tuple 〈Node-id, P1, …, Pn〉, where Node-id is the identity of the node 
and P1, …, Pn are the properties associated with the node. For brevity, Node-id can be used to 
refer to the node. Thus, the notation Node-id.Pi refers to the property Pi in the node having the 
underlying identity.    
• A directed edge is represented as a tuple 〈Node-idS, Node-idE, P1 ,…,Pn〉, where Node-idS and 
Node-idE are the identities of the start and end nodes, respectively. P1 ,…,Pn are the properties 
associated with the edge. 
6. FORMAL REPRESENTATION OF TRACEABILITY GRAPH 
In the traceability graph each node describes a process where resources are needed or new costs 
(e.g. environmental impacts) emerge. A node involves a set of attributes and a set of product 
portions. These are the properties of the node. An edge describes division, composition or 
transferring of products portions. Each edge possesses a set of product portions which are shifted to 
the following process. In an edge neither new resources are needed nor new costs are emerged, i.e. 
ordinary attributes are not associated with an edge. Instead, an edge may involve derived attributes 
that describe portions of previous product portions and attributes. In other words, sifted product 
portions and derived attributes are properties of an edge. Next we define our model in detail.  
Products which are identified physically and logically in the application domain are called 
objects. For logical identifying each object of interest possesses an identity that is either an integer 
or a string (code used in the application domain at hand). The set of possible identities of an 
application domain is denoted by ID. In our sample domain ID = {id1, id2, …, id6000}. 
In processes different products are manufactured or manipulated. Products can be divided in 
different portions based on their types or manipulation needs. The product portion is defined as 
follows:  
Definition 1: Product portion is a tuple 〈P-Name, C, ID-set, R〉 where P-Name is the name of 
product, C is the amount of the portion, ID-set is the set of object identities in the portion, and R 
is the ratio of the portion related the underlying total amount of the products.    
In Definition 1 the ratio R is calculated by some application specific method based on e.g. the 
weight of the product portion related to the total weight of products in the underlying process, or 
used time related to total time needed in the process. For a product portion associated with other 
than objects, ID-set is empty and the portion is manipulated as a mass without interest on individual 
products.  
In following list we have some example product portions related to harvesting: 
• 〈PineSawLog, 350 m3, {id1, …, id1000}, 0.60〉 
• 〈PinePulpWood, 200 m3, ∅, 0.30〉 
• 〈HarvestingWaste, 20 ton, ∅, 0.10〉 
The products PinePulpWood, and HarvestingWaste are manipulated as a mass, i.e. they do not 
contain object identities.  Harvesting waste is manipulated as a product because it can be used to 
bioenergy. PineSawLog has a set of identities for logs ({id1, …, id1000}), or there are one thousand 
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logs. This portion has also the biggest ratio value (0.60) which means that it involves 60% of costs 
of the underlying process. 
An attribute describes some information bound to a process. The attributes are divided into the 
three category based on their nature as follows: 
1. Input attribute describes costs, used materials and other resources needed in a process. For 
example the used fuel is an input attribute. In the present approach the input attribute has a 
numeric value. 
2. Output attribute describes other matters than products that a process produces. For example, a 
process may produce some tons of CO-gas. The output attribute has a numeric value. 
3. Info attribute contains other data or documents associated with a process. The info attribute has 
a set value.   
An attribute involves two values: one for the underlying process (ordinal value) and another for 
the previous production chain (cumulated value). The cumulated value is derived from previous 
processes based on the given rules. These are defined after the definitions of primitives needed for 
them. Until that (Definition 6) we use examples where ordinal and cumulated values are the same.  
Next, the attribute is formally defined. 
Definition 2: Attribute is a tuple 〈Α-Name, T, V, W〉 where A-Name is the name of attribute, T 
is the type of the attribute (∈ {input, output, info}), V is the ordinal value of the attribute, and W 
the cumulated value of the attribute. 
In the following list we have some example attributes where the ordinal and cumulated values are 
same. 
• 〈Diesel, input, 100 liters, 100 liters〉 
• 〈CO2, output, 300 kg, 300 kg〉 
• 〈CompanyCode, info, {111}, {111}〉 
In the example “Diesel” is an input attribute describing that one hundred liters diesel is used (V 
value), “CO2” is an output attribute describing that the process caused 300 kilograms of carbon 
dioxide emission, and the company code 111 indicates a manufacturer associated with the process.  
Now we are able to define the process node involving product portions and attributes in 
Definition 3. 
Definition 3. Process node (simply node) is a tuple 〈Nid, N-type, P-set, A-set〉 where Nid is the 
identity of the node, N-type is the type of the process, P-set is the set of product portions and A-
set is the set of attributes associated with the node.  
A harvesting node (Nid = 1) involving product portions and attributes is given below. From now 
on we mark by boldface numeric attribute values and ratios needed for cumulating forthcoming 
values in the supply chain. 
〈1, Harvesting, 
{〈PineSawLog, 350 m3, {id1, …, id1000}, 0.60〉, 
〈PinePulpWood, 200 m3, ∅, 0.30〉, 
〈HarvestingWaste, 20 ton, ∅, 0.10〉}, 
{〈CarbonDioxide, output, 300 kg, 300 kg〉, 
〈Diesel, input, 100 liters, 100 liters〉, 
〈CompanyCode, info, {111}, {111}〉, 
〈Location, info, {lat 62.87 - lon 22.86}, {lat 62.87 - lon 22.86}〉}〉 
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In a supply chain, information on previous processes (nodes) is propagated to forthcoming 
processes. This information consists of object identities and the values of attributes. An identity shift 
determines those objects that are transferred from a process to another or a mapping among objects. 
There are five types of the identity shift. 1. Equivalence means that objects of the start and end 
nodes are the same. 2. Subseting means that some objects (but not all) are transferred. 3. Superseting 
means that all the objects are transferred but there also are objects from another process. 4. 
Composition means that several objects are composed to single objects. 5. Division means that 
single objects are auto-identification into several objects.  Formally the identity shift is defined as 
follows: 
Definition 4: Identity shift is a mapping M among identities or the sets consisting of them. The 
mapping M may be:  
1. equivalence, where M:ID → ID and dom(M) = rng(M) 
2. subseting, where M:ID → ID and dom(M) ⊂ rng(M) 
3. superseting, where M:ID → ID and dom(M) ⊃ rng(M) 
4. division, where M:ID → P(ID) and ∀Y ∈ rng(M) ∃x ∈ dom(M): |Y| > 1 
5. composition, where M:P(ID) → ID and ∀y ∈ rng(M) ∃X ∈ dom(M): |X| > 1. 
In Definition 4, cases from 1 to 3 maintain the object identities, whereas in cases 4 and 5 object 
identities are typically changed. In case 4, a single object is mapped to a set of object identities, 
whereas in 5 a set of object identities is mapped to a single object identity.  
For propagating information represented as attributes among nodes, the notation of the derived 
attribute is used. Attribute value propagation rules are based on the types of attributes, i.e. 
propagation for input and output attributes requires calculation whereas info attributes are 
propagated by collecting all the data and documents for forthcoming processes. These rules are 
involved in the definition of the edge below. 
A (shift) edge describes the connection between two nodes. An edge involves a set of derived 
attributes and a set of sifted product portions. A sifted product portion describes products that are 
shifted from a process to another. In order to maintain a product portion and the related objects, an 
identity shift is associated with shifted product portions. The edge is formally defined as follows:  
Definition 5. Shift edge (simply edge) is a tuple 〈NS, NE, SP, D〉, where NS and NE are identities 
of the start and end nodes, SP is a sifted product portion, and D is a set of derived attributes.  
• SP is a tuple 〈P-Name, C, M, Rp〉, such that there exists 〈P-Name,C’,ID-setS,_〉 ∈ NS.P-set 
and 〈_,_, ID-setE,_〉 ∈ NE.P-set. The mapping M is an identity shift where objects in dom(M) 
belong to ID-setS and objects in rng(M) belong to ID-setE. C is the amount of the sifted 
product portion and Rp = C/C’ is the ratio of the sifted product portion.  
 
• A derived attribute (∈ D) is a tuple 〈Α.A-Name, A.T, DV〉 where A ∈ NS.A-set, i.e. Α.A-
Name is the name of an attribute in NS and A.T its type. DV is the value of the derived 
attribute. It is 
      A.W, if A.T = info  ⎧
      A.W ⋅ P.R ⋅ SP.Rp where P ∈ NS.P-set: P.P-Name =  SP.P-Name, if A.T ∈ {input, 
output} 
⎩⎨
In Definition 5 the sifted product portion is 〈P-Name, C, M, Rp〉 where Rp is the ratio of the 
portion. This is calculated such that the sifted amount C is divided by the original amount C’ of the 
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start node. This ratio is used for calculating the value of derived attributes. A derived attribute is a 
3-tuple where the first and second members possess the name and the type of the attribute inferred 
from the start node. The value of a derived attribute is cumulated as such from the start node if the 
type of the attribute is info. Otherwise, the original value is multiplied by the ratio of the original 
product portion (P.R), and by the ratio of the sifted product portion (SP.Rp). Below we introduce 
these aspects by examples. 
In the running example (see Figure 2) there is a division edge between Nodes 1 (a harvesting 
node) and 3 (a sawing node). This edge describes that 10% of pine saw logs are selected to the 
sawing node. In the harvesting node (see above) the product portion of the logs possesses the ratio 
0.6. This means that the values of input and output attributes must be multiplied by these ratios. 
Thus, the derived values of carbon dioxide and diesel are 300 ⋅ 0.6 ⋅ 0.1 = 18 and 100 ⋅ 0.6 ⋅ 0.1 = 6, 
respectively. The value of the info attribute is propagated as such. The type (division) of the edge 
means that single objects are divided into the sets of new objects. In the example objects with 
identities between id3000 and id3200 are balks whereas boards involve the identities between 
id4000 and id4800. A log is divided into one balk and four boards. In the object level this is 
described by an identity shift for one log object to a set of objects consisting of one balk and four 
boards. For example, the identity shift instance 〈id1, {id3000, id4000, id4001, id4002, 
id4003}〉 means that a log object (id1) is mapped to a balk (id3000) and boards (id4000, id4001, 
id4002, id4003). The related sample edge is represented as follows: 
〈1, 3, 〈PineSawLog, 35 m3, {〈id1, {id3000, id4000, id4001, id4002, id4003}〉, 〈id2, {id3001, id4004, 
id4005, id4006, id4007}〉, 〈id3, {id3002, id4008, id4009, id4010, id4011}〉, …,〈id100, {…}〉}, 
0.1〉, 
{〈CarbonDioxide, output, 18 kg〉, 
〈Diesel, input, 6 liters〉,   
〈CompanyCode, info, {111}〉}〉 
In a traceability graph there are two kinds of nodes based on their roles in the graph. Initial nodes 
have no predecessors, i.e. there is no edge to them. Other nodes possess at least one predecessor. 
This distinction is essential because attribute values are cumulated in other nodes than initial ones. 
In initial nodes an attribute has the same cumulated value as the ordinal value. For attributes in the 
other nodes, the cumulated value is derived from previous nodes via edges. If the underlying 
attribute is an info attribute, then the cumulated value is the set consisting of the ordinal value and 
values of derived attributes in incoming edges. Otherwise it is the sum of the value of the ordinal 
attribute and the corresponding values of derived attributes in incoming edges. Formally, the 
cumulated value is defined as follows:  
Definition 6: Let A be an attribute in node N, V its ordinal value and S = {E|E.NE = N} the set 
of immediate incoming edges E to N, then the cumulated value W of A is  
 
⎪⎩
⎪⎨
⎧
∑ ∈∈+
=∈∪
∈
∈
S  D_,_,_,
S  D_,_,_,
output} {input,  A.T if D, DV_,A, :DV  V
                info  A.T if D,  DV_,A, :DV V U
 
 
 
We demonstrate calculation of cumulated values below. Before that we define the traceability 
graph as follows: 
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Definition 7: Let N-Set be a set of process nodes and E-Set a set of shift edges, then 〈N-Set, E-
Set〉 is a traceability graph. 
Next we present the rest of our sample traceability graph. Node 1 and the edge between Nodes 1 
and 3 are given above. In the example there are two harvesting nodes. In Node 1, logs have 
identities id1,…, id1000, whereas in Node 2 they have identities id1001,…, id1800. Ratios and the 
values of attributes differ in some extend from Node 1. 
〈2, Harvesting, 
{〈PinePulpWood, 300 m3, ∅, 0.45〉, 
  〈PineSawLog, 300 m3, {id1001,…, id1800}, 0.45〉, 
  〈HarvestingWaste, 20 ton, ∅, 0.10〉}, 
{〈CO2, output, 270 kg, 270 kg〉, 
  〈Diesel, input, 90 liters, 90 liters〉, 
  〈CompanyCode, info, {211}, {211}〉, 
  〈Location, info, {lat 65.21 - lon 21.36}, { lat 65.21 - lon 21.36}〉}〉 
From Nodes 1 and 2 one hundred logs (30 cubic meters) are selected to the underlying sawing 
process. In the example these logs have identities id1 - id100 (edge from Node 1 to Node 3) and 
id1001 - id1100 (edge from Node 2 to Node 3). 
〈2, 3, 〈PineSawLog, 30 m3, {〈id1001, {id3101, id4400, id4401, id4402, id4403}〉, ..., 〈id1100, 
{…}〉}, 0.1〉, 
{〈CO2, output, 12.15 kg〉, 
 〈Diesel, input, 4.05 liters〉,  
 〈CompanyCode, info, {211}〉}〉 
In the edge from Node 2 to Node 3 the values of input and output attributes are calculated such 
that original attribute is multiplied with the ratio of the corresponding product portion (0.45) and the 
ratio of shifted product portion (0.1). For example the value of carbon dioxide (12.15) is achieved 
by the product 270 ⋅ 0.45 ⋅ 0.1.  
In the sawing node (3) there are three product portions: balk, board and sawing waste. The node 
has the attributes cumulated from the previous nodes and an additional attribute electric energy. The 
cumulated value of former input and output attributes is the sum of the values of derived attributes 
in incoming edges and the ordinal value of the attribute. For example the cumulated value of CO2 is 
10 + 18 + 12.15 = 40.15. The ordinal value of the attribute is based on the used electric energy (0.5 
kg per one kWh).  
〈3, Sawing, 
{〈balk, 1000 m, {id3000,…,id3200}, 0.50〉, 
〈board, 4000 m, {id4000,…,id4800}, 0.40〉, 
 〈SawingWaste, 5 ton, ∅, 0.1〉}, 
{〈CO2, output, 10 kg, 40.15 kg〉, 
〈Diesel, input, 0, 10.05 liters〉,  
〈CompanyCode, info, {311}, {111, 211, 311}〉, 
〈ElectricEnergy, input, 20 kWh, 20 kWh〉}〉 
Next the balks are transferred to a drying process. In the edge from Node 3 to Node 4, the objects 
maintain their identities and all the balks are transferred (shifted ratio value 1). The balks represent 
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50% of costs of the previous node, i.e. the values of input and output attributes are multiplied by 
0.5. 
〈3, 4, 〈balk, 1000 m, {〈id, id〉 | id ∈ {id3000,…,id3200}}, 1〉, 
{〈CO2, output, 20.075 kg〉, 
 〈Diesel, input, 5.025 liters〉,  
 〈CompanyCode, info, {111, 211, 311}〉, 
〈ElectricEnergy, input, 10 kWh〉}〉 
The balks are dried in Node 4 which produces 1000 kg carbon dioxide and takes 2000 kWh of 
electric energy.  
〈4, Drying, 
{〈balk, 1000 m, {id4000,…,id4800}, 1〉}, 
{〈CO2, output, 1000 kg, 1020.075 kg〉, 
〈Diesel, input, 0, 5.025 liters〉, 
〈CompanyCode, info, {311}, {111, 211, 311}〉, 
〈ElectricEnergy, input, 2000 kWh, 2010 kWh〉}〉 
Drying of boards is similar to the drying of balks. The following edge and node represent drying of 
boards.   
〈3, 5, 〈board, 4000 m, {〈id, id〉 | id ∈ {id4000,…,id4800}}, 1〉, 
{〈CO2, output, 16.06 kg〉, 
〈Diesel, input, 4.02 liters〉, 
〈CompanyCode, info, {111, 211, 311}〉, 
〈ElectricEnergy, input, 8 kWh〉}〉 
〈5, Drying, 
{〈Board, 4000 m, {id4000,…,id4800}, 1〉}, 
{〈CO2, output, 800 kg, 816.06 kg〉, 
〈Diesel, input, 0, 4.02 liters〉, 
〈CompanyCode, info, {311}, {111, 211, 311}〉, 
〈ElectricEnergy, input, 1600 kWh, 1608 kWh〉}〉 
Next dried boards are transferred to a gluing process. In this phase we assume that 10% of boards 
are disallowed, because for some reason they are flawed. This means that the ratio of the shifted 
product is 0.9. In gluing several boards (say ten) are composed to one glued beam. In the 
corresponding identity shift ten board objects are mapped to one glued beam object. For example in 
〈{id4000, ...,  id4010},  id5000〉 the identities id4000, ...,  id4010 are board objects and id5000 is a 
glued beam object.  
〈5, 6, 〈board, 2000 m, {〈{id4000, ...,  id4010}, id5000〉, 
 〈{id4010, ...,  id4020},  id5001〉,  ... }, 0.9〉, 
{〈CO2, output, 734.454 kg〉, 
〈Diesel, input, 3.618 liters〉,  
〈CompanyCode, info, {411}, {111, 211, 311, 411}〉, 
〈ElectricEnergy, input, 1474.2 kWh〉}〉 
Finally, in the gluing process glued beams are composed. There is also an additional attribute 
‘glue’ that describes the amount of the used glue. 
〈6, Gluing, 
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{〈GluedBeam, 2000 m, {id5000,…, id5500}, 0.9〉, 
〈WoodWaste, 0.1 ton, ∅, 0.10〉}, 
{〈CO2, output, 100 kg, 834.454 kg〉, 
〈Diesel, input, 0, 3.618 liters〉, 
〈CompanyCode, info, {311}, {111, 211, 311}〉, 
〈ElectricEnergy, input, 200 kWh, 1647.2 kWh〉, 
〈Glue, input, 100 kg, 100 kg〉}〉 
Now we are able to calculate cumulated resources and emission for single glulam beams. For 
example emissions of single products or a set of products can be calculated.  
7. ANALYZING TRACEABILITY GRAPH 
In this section we introduce different analyzing possibilities based on our data-centric approach. We 
assume a traceability graph  〈N-Set, E-Set〉 notation behind the formalization. 
7.1 Basic Functions for Analyzing Object Structure 
Objects, their mutual structures and properties are embedded in the traceability graph. Next, we 
introduce how they can be derived from a traceability graph. 
The predecessors of an object are in special interest because they determine materials and 
components needed for the object. Immediate predecessors are the nearest predecessors of the object 
(id) and they can be achieved by the function i_predecessors that is defined as follows:  
i_predecessors (id) = {id’ | E ∈ E-Set ∧ id ∈ rng(E.SP.M) ∧ id’ ∈ dom(E.SP.M):  
〈id’,id〉 ∈ E.SP.M} 
where E is an edge, SP its sifted product portion (presented as a tuple) an M the mapping among 
objects.  
For example, i_predecessors(id5000) = {id4000,…,id4010}, i.e. glulam beam id5000 is glued 
from boards id4000-id4010. 
All predecessors can be achieved recursively as follows: 
predecessors(id) =  ⎪⎩
⎪⎨⎧∅
∅≠=∪
∈
                                                                                      otherwise ,
    S if (id),_  S  where(i),  S
S  i
U rspredecessoirspredecesso
For example, predecessors(id5000) = {id4000,…,id4010, id1, id2,id3}, i.e. glulam beam id5000 is 
glued from boards id4000-id4010 which are sawed from logs id1, id2 and id3. 
Successors of an object mean, for example, those objects for that the object has been raw material or 
component. The functions i_successors and successors yield the immediate and all successors, 
respectively. 
i_successors(id) = {id’ | E ∈ E-Set ∧ id ∈ rng(E.SP.M)  ∧ id’ ∈ dom(E.SP.M): 〈id,id’〉 ∈ 
E.SP.M} 
 
⎪⎩
⎪⎨⎧∅
∅≠=∪
∈
                                                                        otherwise ,
    S if (id),_  S  where(i),  S
S  i
U successorsisuccessorssuccessors(id) =  
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For example, successor(id1) = {id3000, id4000,…,id4003, id5000}, i.e. log with id1 is sawn to 
boards id4000-id4003 and beam id3000. The boards are used to manufacture the glulam beam with 
id5000. 
An object may belong to several nodes in process chain. The function node(id) yields all the 
nodes that the object with id has associated with: 
node(id) = {N.Nid | N ∈ N-set: t ∈ N.P-set ∧ id ∈ t.ID-set} 
Among these nodes the fist and last ones are of special interest because the former determines the 
node where the object is created and the latter refers to the final state of the object. The functions 
first_node(id) and last_node(id) return them as follows. 
first_node(id) = N ∈ node(id) ∧ id ∉ predecessors(id) 
last_node(id) = N ∈ node(id) ∧ id ∉ successors(id) 
Below we demonstrate the use of these functions. 
7.2 Horizontal and Vertical Views   
Traditionally views are predefined queries containing a derivation rule. In the context of the 
traceability graph the view means a sub graph determined by a rule for some purpose. In this paper 
we consider horizontal and vertical views. A horizontal view means an extensionally connected 
subgraph fired by object/objects. The connection at the extensional level means that objects of 
nodes in a view are connected through object mapping. Vertical view means that nodes of the same 
type are merged within a meta-node. 
Among horizontal views we consider two basic cases: supply chain of an object and range 
distribution of an object. The supply chain of an object contains all preceding nodes that are 
extensionally connected (via object mapping ) with the object. In terms of the function predecessors 
the supply chain of the object id is defined by the function SC(id) as follows:  
SC(id) =  〈N-Set’, E-Set’〉 such that  
N-Set’ = {N ∈ N-set | t ∈ N.P-set ∧ id ∈ t.ID-set ∪ predecessors(id)} 
⎪⎪⎩
⎪⎪⎨
⎧
E-Set’ = {E ∈ E-set | N1, N2 ∈ N-set’ ∧ E.NS = N1 ∧ E. NE = N2} 
For example considering the glulam beam with id5000. The horizontal view contains the nodes 
and edges the glulam beam has participated in. For the sake of brevity we refer to nodes by their 
identities and edges to the participating node identities. 
SC(id5000) = 〈{N1, N3, N5,N6}, {〈N1,N3〉,  〈N3,N5〉, 〈N5,N6〉}〉 
The distribution of an object means those nodes where the object or its part has been a participating 
in the TG. The distribution can be defined as follows: 
dist(id) =  〈N-Set’, E-Set’〉 such that  
N-Set’ = {N ∈ N-set | t ∈ N.P-set ∧ id ∈ t.ID-set ∪ successors(id)} ⎪⎪⎨
⎧
E-Set’ = {E ∈ E-set| N1,N2 ∈ N-set’ ∧ E.NS = N1 ∧ E. NE = N2} 
For example considering the log with id1. The horizontal view shows all the nodes and edges the 
log has participated in. 
⎩⎪
⎪
dist(id1) =  〈{N1, N3, N4, N5, N6}, {〈N1,N3〉, 〈N3,N4〉, 〈N3,N5〉, 〈N5,N6〉}〉  
Horizontal views can also be applied to tracing a set of objects having a specific property.  
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A vertical view is conceptually different of the horizontal ones. Namely it is basically defined on 
the intensional level - for a set of nodes of the same type merged onto one pseudo node. However, 
the selection criteria for nodes in the view can be extensional as well. For example nodes of objects 
having a property may be a selection criterion for a vertical view. The following definition for the 
vertical view may at the first view look complex but basically the its parts follow the similar way to 
deriving. Next we give the definition of vertical view as a whole and then introduce in detail.   
 
Let N-Set’ (⊆ N-Set) be a set of nodes of the same type, i.e. for each nodes N1, N2 ∈ N-Set’: N1.N-
type = N2.N-type. The horizontal view node is represented as a tuple  〈Nidh, N-type, P-seth, A-seth〉 
where  
• Nidh =  U
Set'-N  N
{N.Nid}
∈
• N-type = N.N-type: N ∈ N-Set’ 
• P-seth is a set of tuples each of the form tp = 〈P-nameh, Ch, ID-seth, Rh〉 such that 
P-nameh ∈ {t.P-Name| N ∈ N-Set’: t ∈ N.P-set} 
⎪⎪
⎪⎪
⎩
⎪⎪
⎪⎪
⎨
⎧
Ch =  t.C: t ∈ N.P-set ∧ t.P-name = P-name∑∈ Set'-N  N h
ID.seth = t.ID-set: t∈ N.P-set ∧ t.P-name=P-nameU
Set'-N  N∈ h
Rh = Set'-N
name-P  name- t.Pset -N.P  t :t.R
Set'-N  N
h∑ =∧∈
∈   
• A-seth is a set of tuples each of the form ta = 〈A-Nameh, Th, Vh, Wh〉 such that 
A-nameh ∈ {t.A-Name| N ∈ N-set’: t ∈ N.A-set} 
Th =  t.T | N ∈ N-Set’ ∧ t ∈ N.A-set ∧ t. A-name = A-nameh
Vh =  
               t.V: t ∈ N.A-set ∧ t. A-name = A-nameh, if Th=info  U Set'-N  N∈⎪⎧
                       t.V: t ∈ N.A-set ∧ t. A-name = A-nameh, otherwise ⎪⎨ ∑∈ Set'-N  N⎪⎩
⎨⎪⎪
⎪⎧
Wh = 
            t.W: t∈ N.A-set ∧ t. A-name = A-nameh , if Th = info  U Set'-N  N∈⎪⎧
                     t.W: t ∈ N.A-set ∧ t. A-name = A-nameh, otherwise ⎪⎪⎩
∑
∈ Set'-N N⎪⎩
⎨
⎪⎪
 
In the formula the set of node identities is Nidh, N-type is the common type of the nodes, P-seth is 
the set of unionized product portions and A-seth is the set of merged attributes. In a product portion, 
P-nameh is the name of a product, Ch is the total amount of the products and ID-set is the set of all 
object identities in the unionized product portion. The ratio Rh is calculated by dividing the 
corresponding amount of products by the number of the nodes participating in the view. A merge 
attribute consists of its name A-Nameh, the type Th of the attribute, merged ordinal value Vh, and 
cumulated value Wh. The values are calculated by summing or unionizing the original values 
depending on the type of the attribute. 
A horizontal view can be used to compact a workflow diagram. For example we could merge the 
harvesting nodes of our running example and get the total amount of harvesting in our sample 
supply chain. 
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〈{1,2}, harvesting,  
{〈PineSawLog, 650 m3, {id1, …, id1800}, 0.525〉, 
〈PinePulpWood, 500 m3, ∅, 0.375〉, 
〈HarvestingWaste, 40 ton, ∅, 0.10〉}, 
{〈CarbonDioxide, output, 570 kg, 570 kg〉, 
〈Diesel, input, 190 liters, 190 liters〉, 
〈CompanyCode, info, {111, 211}, {111, 211}〉, 
〈Location, info, {lat 62.87 - lon 22.86, lat 65.21 - lon 21.36}, {lat 62.87 - lon 22.86, lat 65.21 - 
lon 21.36〉}〉 
In an enlarged example we could analyze the effect of different drying programs by merging the 
drying nodes based on the info-attribute that indicates the drying program. 
In Figure 3 the enlarged example is represented. In the example the drying nodes #D12, #D13 and 
#D14 are merged to node #D12-14 and nodes #D15, #D16 and #D17 are merged to node #D15-17. 
The merging of traceability graph can be used to benchmark group of processes as described in the 
next section. 
 
Figure 3. Merging Traceability Graph. 
7.3 Examples 
We demonstrate querying possibilities by sample queries that correspond to the uses cases described 
in Section 2. 
Sample query 1: Calculating the item level carbon footprint 
The carbon footprint of the object can be calculated by using the cumulated value of the CO2 
attribute of the final node that the object has participated in. For example the carbon footprint of the 
glulam beam with id5000 is: 
                                        
                                     t'.W  t.R 
where t ∈ N.P-set: id5000 ∈ t.ID-set ∧ t' ∈ N.A-set: t.A-name = CO2 such that N = last_node(id)  
|| set}-{t.ID
}id5000{ ⋅⋅||
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Carbon footprint = (1 / 500) ⋅ 0.9 ⋅ 834.454 kg = 1,5020172 kg 
The formula can easily be extended to concern several objects when the dispensation would be 
multi-valued set. 
Sample query 2: Origin of raw material 
As described in Section 3 the information about the origin of raw material is becoming more and 
more important. Using the traceability graph we can trace the origin of the product. The origin of 
the gulam beam with id5000 is achieved by the location attribute in the harvesting nodes as follows: 
t.V | t ∈ N.A-set ∧ t.A-name = location: N ∈ N-set’ ∧ N ∉ rng(E-set’) where 〈N-set’, E-set’〉 
= SC(id5000) 
In other words, CS determines the supply chain of the gulam beam and the V value is returned from 
the location attribute. The condition N ∉ rng(E-set’) ensures that the node is an initial process. The 
result is {lat 62.87 - lon 22.86}. 
It is worth noting that above definition is based on a non-cumulated attribute. In cumulated 
attributes a corresponding query is simpler. CompanyCode is such an attribute. In our example 
customer is a corresponding cumulated attribute. For example the custody of the glulam beam with 
id5000 can easily achieved as follows:  
t.W | t ∈ N.A-set ∧ t.A-name = CompanyCode: N=last_node(id5000) 
The result is {111, 211, 311} 
Sample query 3: Recalling products 
The traceability information can be used to recall products accurately and rapidly without needing to 
do the total recall throughout the supply chain. With information of the traceability graph we can 
find out all the products that some object is used as a component or raw material. The function 
final_p gives the final products in which an object (id) is used. 
final_p(id) = {id’∈ successors(id) | last_node(id’) ∉ rng(E-Set)} 
In our example, final_prod(id1) = {id3000, d5000}, i.e. beam id3000 and glulam beam id5000 are 
the recalled final products. 
Sample query 4: Benchmarking 
Benchmarking the processes between companies and manufacturing facilities enables to identify the 
processes with biggest environmental impact so that we improve the environmental performance of 
the supply chain. By using the vertical view we can calculate a key performance indicator for the 
nodes using the bench() functions.  
• nodes define the set of nodes used in benchmarking 
• prod_name defines the product portion used in benchmarking 
• prop_name defines the attribute used to calculate the key performance indicator. 
• group defines the attribute used to analyze the traceability graph. 
 
bench(nodes, prod_name, prop_name, group) = 
{〈x,y〉 | x ∈ t1.V: t1 ∈ N.A-set ∧ t1.A-name = group ∧ t1.T = info ∧ ∑
∑
=
∈
∈
T  j
S  i
j
i
 y where 
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S = {t2.V| t2 ∈ N.A-set ∧ t2.A-name = prop-name} 
⎩⎨
⎧
T = {t3.V| t3 ∈ N.P-set ∧ t3.P-name = prod-name} 
       where N ∈ nodes} 
In our running example we can calculate the harvesting efficiency as follows: 
bench({1,2}, PineSawLog, Diesel, CompanyCode)  
The result {〈111, 0.286〉, 〈211, 0.3〉} presents how much diesel companies have used per cubic 
meter of saw logs. The comparison value for the company 111 is 0.286 and for the company 211 is 
0.3.  
8. DISCUSSION 
The presented data-centric workflow model enables tracing, monitoring, analyzing and querying the 
properties of processes and their mutual relationships. The formal specification allows services to 
handle the products lifecycle data formally. To be able to share the life cycle data in real a world 
supply chain, we must: 
1. ensure correspondence between logical objects with real life products of processes 
2. have an infrastructure that enables multiple companies in a supply chain to share and use the 
information regarding products.  
In tracing products, in addition to logical identities, they must be identified by physical 
identifiers. For physical products, various marking methods are in use: Imprinting, the finger print 
method, Laser marking, Label marking, Ink jet marking and transponder marking. In practice a 
physical identifier corresponds to object identity in database. This also gives natural interpretation 
for an object in the traceability graph. Below we consider an RFID (Radio Frequency 
IDentification) marking case related to our running example.  
The modularity of a supply chain means that each actor is responsible for generating data from a 
part of the supply chain of the product and to share it with other stakeholders. To be able to share 
product related information in the complex supply chains the organizations have to agree on a 
common standard. One of the most promising is EPCglobal Architecture Framework2 standards 
which are generally accepted methods for sharing product data in supply chains. They enable supply 
chain stakeholders to capture, store and share product related data. The EPCGlobal architecture 
includes EPC Information Services specification [17] that defines storing and sharing the 
traceability data that is created when a product marked with an RFID-tag passes an RFID-reader in a 
process in a supply chain. This event data normally contains unique identification code, location and 
time. By extending the EPC Information Service specification also environmental data can be 
included in event data. For example: ‘At location X in time Y the object Z was observed with the 
environmental data [elementary flow #1, elementary flow #2]’ 
To be able to generate a total carbon footprint for a product the organizations must share 
environmental information of the products that were handled by them in their part of the supply 
chain. For example, in our running example, some organizations are responsible for harvesting the 
timber; sawmill companies handle the sawing and glued laminated timber manufactures are using 
the boards sawn in sawmills. All these stakeholders own a part of the final product’s life cycle 
information. To be able to share environmental information each stakeholder must implement an 
                                                                 
2 http://www.epcglobalinc.org/standards/ 
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EPC Information Service that implements the extension for environmental data. To be able to 
handle the object transformation (division or composition) in the supply chain, the stakeholder 
responsible for the transformation part of the supply chain is also responsible for aggregating the 
environmental information from up to that point. In other words, when a manufacturer is further 
processing products, the manufacturer is responsible for calling the EPC Information Services of a 
supplier and to add this (derived attribute in the traceability graph) information to the environmental 
information of the further processed product. 
9. CONCLUSIONS 
We have presented a data-centric workflow model, called the traceability graph. It integrates data-
centric aspects of products and processes to traditional graph-based workflows. The approach 
supports attribute value propagation and aggregation in the supply chains. Input and output costs of 
processes can be allocated into products, which enable tracing and analyzing these coasts precisely. 
The model can be applied to single products as well as larger patches. Unlike existing methods the 
traceability graph enables precisely calculated input coasts (e.g. recourses) and output coasts (e.g. 
emissions and waste) of products and processes. So far these have been based on average values 
from a large set of processes. 
Through the presented object transformation it is possible to model and manipulate the 
composition and division of objects in processes. We defined horizontal and vertical views.  A 
horizontal view can represent a supply chain or the distribution of resources or components. In 
terms of the vertical view a traceability graph can be compacted by collecting similar processes 
together. We demonstrated analyzing possibilities of the traceability graph by several sample 
functions and use cases.   
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1 Introduction 
Physical assemblies and other physical products have  
their own supply histories represented by supply chains.  
The supply chain can be understood as a network  
of autonomous or semiautonomous business entities 
collectively responsible for procurement, manufacturing and 
distribution actions of a product. A supply chain is a 
directed subgraph of a graph used for modelling 
manufacturing processes, e.g., workflow diagrams (van der 
Aalst, 1998; van der Aalst and Ter Hofstede, 2005; van der 
Aalst and van Hee, 2002; Attie et al., 1993; Bonner, 1999; 
Booch et al., 1999). 
Structurally, a supply chain consists of supply processes 
following each other in a partial order, i.e., the result of a 
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process is a raw material for another process. Each process 
involves resources and emissions associated with the 
products that are manufactured in the process. This means 
that the resources and emissions are cumulated in a supply 
chain. A single product may be an output of a supply chain 
that requires a great volume of energy and produces 
environmental toxins and greenhouse gases. In recent times, 
the importance of environmental aspects has been widely 
recognised, which means that the cumulated resources and 
emissions must be partitioned on different products and 
batches more and more precisely. This paper deals with 
modelling and manipulation of supply chains such that 
cumulated resources and emission involving environmental 
aspects (e.g., CO2 emissions) can be analysed for products. 
There are many programmes launched to create 
certificates for environmentally friendly products such as 
Carbon footprint (Carbon Trust, 2006, 2007), European 
Eco-label (EC, 2000) and EPD (ISO 14025, 2006). 
Environmental labels are granted based on a method for 
calculating the environmental effects of the supply chain. 
EU Eco-Management and Audit Scheme (EMAS) (EC, 
2001) and Life-Cycle Assessment (LCA) (ISO 14040, 1997; 
ISO 14041, 1998; ISO 14044, 2006) are proposals for this. 
EMAS is a management tool for companies and other 
organisations to evaluate, report and improve their 
environmental performance. In this paper, we focus on 
LCA, which is a standardised method for calculating the 
environmental burden caused by the manufacturing of a 
product. The goal of the LCA is to compare the 
environmental impact of a product or service throughout its 
lifespan to be able to choose the least burdensome one. The 
existing approach for calculating the environmental impact 
in a supply chain is to analyse the yearly average 
information about emissions and production. 
In this paper, we present the model for tracing and 
storing the inventory data, the impact assessment and 
interpretation phase is excluded. Unlike the existing 
methods, our model enables analysing resources and 
emissions on the single product level even in a real  
time – not only average yearly values. Nowadays,  
a common method for calculating the environmental impact 
is to measure the input and output flows of the whole supply 
chain during some time period and calculate the average 
environmental impact for the product (PE International, 
2002; Puettmann and Wilson, 2005). Further, the dynamic 
nature of the supply chain is not taken into account. For 
example, in the European Reference Life Cycle Data System 
(ELCD) core data set 1.0.1. (PE International, 2002), an 
average value used for transportation distance for timber is 
114 km. A product manufactured using raw material 
transported from another continent is bound to have 
different environmental effect than another product 
manufactured using raw material from a nearby source. By 
using the autoidentification, we can create a methodology 
that enables real-time monitoring of the environmental 
impact for the single products. 
A supply process is focused on product portions 
consisting of single products (called objects) or a mass of 
material. In other words, a product portion is a part of a 
patch selected, e.g., for refining. Product portions can be 
unionised or a product portion can be divided into smaller 
parts. Manipulation of objects requires specific features 
because objects may be changed into other objects in both 
the logical (in databases) and physical (real world) levels. 
Namely, a single object may be divided into other objects  
or several objects can be composed to a single object. This 
means that object transformation must be modelled. 
In a process, objects may be divided or composed. This 
means new objects must be identified at the logical level  
(in databases) and physical level (in real world). In the 
physical level, there must be an explicit identifier that 
corresponds to the logical identities (or vice versa).  
The development of a smart identification enables us to 
identify an object moving in the supply chain. This means 
that we can connect the physical world objects with their 
virtual counterparts in databases. With the traceability, we 
can track the relationships among properties of processes,  
in this case the environmental burden caused by processes 
and actual product instances. 
To enable strict and real-time traceability in a supply 
chain, the objects of interest have to be automatically 
identified. The development of the smart identification 
enables us to identify single objects moving in the supply 
chain and this enables us to track their movements  
and monitor their changes. There are numerous marking 
methods that can be used in a supply chain: Imprinting, 
Laser marking, Label marking, Ink jet marking and 
transponder marking. However, using of these conventional 
methods is often problematic because the methods require 
clear line of sight that is impossible to achieve in several 
manufacturing areas. For example, in forest industry, a log 
may be covered with mud or snow, which prevents of  
using these marking methods. Further, automatic reading of 
conventional marking is slow because a robotic system 
typically must search the identifier in different sizes of an 
object. 
In this study, we consider the RFID technology for 
physical marking of the objects. The RFID technology can 
be compared with the bar code identification: an 
identification code is embedded to an object. The RFID 
technology and data management has been researched 
extensively during the last decade, e.g., in the software 
architecture and online data management (Chaudhuri and 
Dayal, 1997), and the RFID data warehousing (Gonzalez  
et al., 2006a, 2006b). RFID data staging to OLTP- and 
OLAP-applications (Krompass et al., 2007) provides a 
method that answers to different kinds of needs that 
transactional and analytical applications pose to RFID data. 
Dada and Staake (2008) describe a method of presenting the 
carbon footprint of the product instance to the customers.  
In this paper, we demonstrate how the traceability data – in 
this example RFID data – can be used to allocate the 
environmental burden to individual products. 
Our aim is to develop a traceability graph for modelling 
supply chains of physical products. In this context, an object 
means a product that is identified on the logical and physical 
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levels. In general, the following features are attached to the 
traceability graph. 
1 Ability to manipulate objects, object sets and their 
transformation: Object sets can be divided into subset 
or object sets can be unionised into larger sets.  
Single objects can be divided into smaller objects  
or single objects can be composed from other objects. 
Strict correspondence of the real-world actions and 
databases must be maintained. 
2 Ability to manipulate the properties of processes  
and to allocate them for underlying product portions: 
In a process, different product portions are formed and 
transferred from a process to another. These portions 
can further be divided or composed into new 
proportions. For strict traceability, resources and 
emissions must be focused on different product 
portions, which are manipulated at three levels of 
actions. Among other things, this means that attributes 
representing tracing of recourses and emissions must be 
cumulated in the supply chain. The related calculation 
rules are based on rations of product portions  
in processes and their transforming among processes. 
3 Application independency: The model is not bound to 
any specific application area. Our sample application  
is from the forest industry, but the model can be applied 
to any other domain of physical products. 
4 Support for advanced data analysis: The supply chain 
with cumulated resources and emissions of a product 
portion or single objects can be derived from a 
traceability graph. 
The rest of the paper is organised as follows. Section 2 deals 
with graphical notations of the traceability graph and an 
informal introduction for our sample application domain. 
Section 3 investigates physical, operational and data-storing 
actions related to the different parts of the traceability graph. 
An implementation for the traceability graph to relational 
databases is presented in Section 4. Sample analyses are 
also given in this section. In Section 5, we discuss problems 
of the present approach and their solutions. Finally,  
the conclusions are given in Section 6. 
2 Traceability graph 
A manufacturing process is an event that transforms the 
input elements into products. The inputs of the process are 
raw material and natural resources like energy. The outputs 
of the process are emissions, waste and generated products. 
Products that are identified in the underlying application 
domain are called objects. 
A process involves product portions, which are output 
products of the process. A product portion contains a set of 
objects or a mass of non-identified products. Furthermore, a 
product portion involves the amount of products and a ratio 
for describing the piece of resources of the product portion 
in the process. Attributes of a process describe resources, 
emissions or other relevant properties associated with  
the process. An input attribute describes a resource of a 
process, an output attribute describes other outputs than 
products, and an info attribute contains other information 
associated with the product. 
The end products of a process may be raw material for 
another process. In other words, a product portion is shifted 
to another process. With product portions, the properties 
associated with previous process are transferred to the new 
process because they describe earlier resources related to  
the product portions. The relative part of attributes for a 
product portion can be calculated based on the ratio of the 
product portion. 
Next, we introduce graphical notations of the 
traceability graph used to describe processes following each 
other in a partial order and give a sample system. Product 
portions and attributes are not represented graphically. 
2.1 Introduction to traceability graph  
and graphical notations 
In a traceability graph, a (process) node represents a process 
where manufactured products are categorised into product 
portions consisting of objects or other mass of products. 
Resources are divided and calculated for them based on 
their amount of used resources. 
An edge is used for describing the elementary or product 
flows between two nodes, called start and end nodes. If the 
underlying flow contains a product portion consisting of 
objects, integrity constraints are associated with the edge. 
For this purpose, the traceability graph contains three kinds 
of edges: 
1 Plain edge describes that an object does not transform 
in the node. Instead, the properties of objects and 
grouping of objects may be changed. If the underlying 
product portion does not consist of objects, then  
the plain edge is used. 
2 Division edge: Single objects are divided into several 
objects. In other words, there is a mapping from a 
single object to a set of objects. 
3 Composition edge: Objects are composed from several 
objects. In other words, there is a mapping from a set  
of objects to a single object. 
The visual symbols for the node and edges are given  
in Figure 1. 
2.2 Sample system 
Next, we introduce our sample system used for illustrating 
forthcoming implementation. The sample traceability graph 
illustrates manufacturing of wood balks and glulam  
(glued laminated timber) beams. Graphically, the sample 
traceability graph is given in Figure 2. There are two 
harvesting nodes (N1 and N2). A harvesting node means the 
daily production of a single harvester.1 The production of a 
harvester is transported to a manufacturer, for example saw 
logs to the saw mill and pulp wood to the pulp mill. In the 
example, only supply chains for wood balks and glulam 
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balks are represented. Further, when compared with a  
real-life system, several processes like forwarding, 
transporting, sorting and planning are left out. 
Figure 1 Visual symbols for traceability graph 
 
Figure 2 An example on traceability in the forest industry 
 
In the harvesting nodes, products are sorted such that 
sawing logs form one product portion in each node. In the 
example, parts of these portions are transferred to the 
sawing process (N3). There are various ways to saw a log to 
boards or balks. In this example, a sawing pattern (Figure 3) 
used in sawing produces one balk and four boards from each 
log. In other words, a log is a parent object for one balk 
object and four board objects. 
Figure 3 A sawing pattern for logs 
 
Next step in the sample supply chain is kiln drying where 
the boards and balks are dried to a predefined moisture 
percent. Since the dimensions of balk and boards differ, 
they are dried using different drying programmes (N4 and 
N5). Dried balks are end products, whereas the dried boards 
are used to manufacture glulam beams. Boards are glued 
(N6) together to create one beam. 
3 Three-level framework for actions  
in the traceability graph 
Graphical notations for the traceability graph are a  
rough-level description of supply chains in manufacturing 
and related areas. Next, we introduce actions of information 
system needed in strict tracing of resources and emissions. 
The underlying levels are physical (RFID), operational  
and data storing. All these levels interact with each other  
in the traceability graph. 
The RFID system can be divided into three components: 
• RFID tag: The main parts of the tag are a chip,  
an antenna and a packaging. The chip holds the 
individual code attached to the physical object.  
The antenna transmits the information to the reader  
and the packaging holds the antenna and the chip. 
• RFID reader: RFID readers read the object identifier 
from the RFID tag without needing a clear line of sight. 
The RFID-reader can be integrated to a machine or it 
can be just a hand-held device. 
• Host: The host computer hosts the application that 
maps the RFID data stream from RFID readers to more 
understandable form that is useful for application-level 
interactions. 
In our example, logs, balks, boards and glulam beams are 
identified by RFID tags. 
In databases, information on processes and their 
interactions, such as the logical counterparts of RFID tags, 
grouping of objects and mapping of objects among 
processes, are stored. Further, the database contains 
information on tracked resources and emissions presented 
by attributes. 
Operational level consists of rules how resources and 
emissions are calculated in different parts of the traceability 
graph. For example, when sawing a log, the central balk, 
boards and sawing waste get their own parts of resources 
and emissions based on application-specific ratios. 
In general, the following actions are associated with 
process nodes: 
• RFID actions: Tags are attached to physical products  
or product portions. 
• Operational actions: Products are divided into portions 
and the recourses and emissions are partitioned to them. 
Possible earlier recourses and emissions based on 
incoming edges are calculated and divided into product 
portions. The value of a cumulated attribute for a 
product portion is the sum of its proportions  
in the underlying and earlier processes. 
• Data-storing actions: Identities of products and their 
groupings (portions) are stored following the 
granularity of RFID tagging. Relationships among 
identified products and portions are stored. The values 
of the recourse and emission attributes of the process 
are stored. Cumulated values for product portions are 
stored. 
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Edges represent material and information flows from a node 
to another. An edge itself is not a process although it 
involves operational notations such as compositions  
or division of objects. Instead, an edge is an action model or 
pattern how objects are sifted to a process to another and 
what are the related actions in different levels. In Table 1, 
we present these actions. 
Next, we give a database implementation for the 
traceability graph that contains schema for needed 
information of operational and data-storing levels. 
4 Database implementation 
The present database allows storing and analysing  
the information of the traceability graph. For illustrating the 
database implementation, we use the running example on 
the forest industry. In Figures 4, 5, 7 and 9, PK means a 
primary key whereas FK denotes a foreign key. For 
distinguishing attributes in relational database and 
traceability graph, we call attributes in the database as 
columns. The implementation of the graph is divided into 
three steps: First, the properties of the graph are 
implemented. Second, the identity shift is implemented.  
In the third phase, objects are associated with those  
nodes they have travelled through. In the second and third 
phases, interactions of the database and RFID data are 
demonstrated. 
4.1 Product portions and attributes 
The nodes of the application are stored into the Node 
relation. For the data associated with the properties of the 
traceability graph, we define four relations. The attributes 
and products are stored into the relations Attribute and 
Product, respectively. The data about product portions of 
the specific node is stored in the relation NodeProduct.  
The column Ratio is used in allocation of environmental 
burden between product portions. For example, the relation 
would include a row 〈Harvesting, PineSawLog, 0.6〉, which 
means that 60% of recourses and emissions are allocated to 
pine saw logs in the underlying harvesting node. For the 
node-specific information about attributes, the relation 
NodeAttribute is used. The column AttributeValue is used 
for numeric (input and output) attributes and the column 
InfoAttributeValue is used for textual (info) attributes. The 
cumulated value of an attribute is not stored as a column 
because it can be calculated based on the current values as 
presented later. These relations are illustrated in Figure 4. 
Table 1 Edge patterns 
 RFID action pattern Operational pattern  Data-storing pattern 
Plain edge Tags are read in the start  
and end nodes 
A part of a product portion in the start node is 
selected and its proportion of resources and 
emissions are calculated 
Object identities of sifted objects and the 
corresponding proportion value are stored. 
Cumulated values may be stored (they also 
can be derived later) 
1 Same operations as in the plain edge 1 Same operations as in the plain edge Division 
edge 
Old tags (in the start node)  
are read and new tags (in the 
end node) are attached to new 
product in the end node 
2 Each identity in the sifted portion  
 (from the start node) is mapped to a set  
 of identities (produced parts) 
2 Identity mapping between original 
 objects and their parts is stored 
1 Same operations as in the plain edge 1 Same operations as in the plain edge Composition 
edge 
Old tags of components are 
read and new tags are attached 
to the composed products  
2 The set of the identities of sifted 
 components (from the start node) is  mapped 
 to a single identity of composed product 
2 Identity mapping between original 
 components and composed product  
 is stored 
 
Figure 4 Product-set and attribute-set of a node 
 
Next, we demonstrate how the traceability graph can be 
extended by application-specific primitives. For example,  
the machine used in a process is added to the database 
implementation (see Figure 5), and thus we can analyse the 
environmental burden between different machines and 
processes. For this information, the relation Machine is 
implemented. The relation ProcessType stores the different 
process types of the application domain and the relation 
Machine is used to store the machines of the processes. For 
example, there are many harvesters doing the harvesting. 
Figure 5 The relations Machine and ProcessType 
 
By using the relations presented earlier, the implementation 
allows storing the information about environmental burden 
caused in the supply chain. The example query here 
illustrates how the above-mentioned relations can be used to 
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find out what is the amount of carbon dioxide emissions  
that different machines (harvesters) have caused in 
manufacturing. Figure 6 illustrates the result of the query, 
i.e., CO2 emissions are grouped by machines. Information 
can also be analysed based on the product properties  
or processes. 
SELECT 
   Machine.MachineName, 
   SUM(AttributeValue) AS [CO2]  
FROM 
   NodeAttribute  
   INNER JOIN Node 
   ON NodeAttribute.NodeKey = Node.NodeKey 
   INNER JOIN Machine 
   ON Node.MachineKey = Machine.MachineKey 
WHERE  
   NodeAttribute.AttributeKey =  
  (SELECT AttributeKey  
  FROM Attribute  
  WHERE AttributeName = 'CO2') 
   AND Machine.ProcessKey IN  
(SELECT ProcessKey  
  FROM Process  
  WHERE ProcessName = 'Harvesting') 
GROUP BY Machine.MachineName 
Figure 6 Daily CO2 emissions grouped by machines  
(see online version for colours) 
 
4.2 Identity shift and RFID implementation 
The information about individual products, i.e., objects, are 
extracted from the RFID system that generates observations 
about object movements. The data generated from the RFID 
system is called an observation that contains unique object 
identifier, location and time.2 An observation is generated 
when an object is detected by an RFID reader. Object 
identifiers are stored with the other information related to 
objects. In our example, the location is a symbolic location 
of the process and the time is a time instant when an object 
was detected in some process. 
The relation Object is implemented for storing the 
object-specific information by the columns ObjectKey, 
ProductKey (Foreign Key to the Product relation), Volume 
and ObjectCode (physical identifier). A new row is created 
into the relation when an object is observed first time in  
the supply chain by the RFID system. The relation  
 
ObjectRelation is used to trace the evolution path of the  
object (see Figure 7). Using this relation, we can store the 
identity shift between objects. Explicitly, division and 
composition are stored. For example, in the supply chain, 
log -> board -> glulam beam identity shifts among logs, 
boards and glulam beams are stored. The relation  
contains the column TranformationFunction for calculating 
cumulated values of attributes. 
Figure 7 Object evolution relations 
 
For example, a log (id1) is sawn to four boards id2000, 
id2001, id2002 and id2003 and one balk id3000, i.e., the 
relation ObjectRelation has five rows as shown in Table 2. 
The column TransformationFunction defines a coefficient 
used to calculate the value of the cumulated attribute. 
Table 2 ObjectRelation example 
ObjectRelation 
ParentObjectKey ChildObjectKey TransformationFunction
Id1 Id2000 0.1 
Id1 Id2001 0.1 
Id1 Id2002 0.1 
Id1 Id2003 0.1 
Id1 Id3000 0.5 
The value of the column TransformationFunction is 
calculated by multiplying the ratio of the corresponding 
product portion and the ratio of shifted product portion.  
In this example, the ratio of the product portion of boards  
is 0.4 and one board is 0.25 of the product portion 
(0.4 ⋅ 0.25 = 0.1). The query here illustrates the usage of this 
relation, in this example we query about the evolution path 
of the glulam beam id5000: 
SELECT 
    ParentObjectKey, 
    TransformationFunction 
FROM 
    ObjectRelations 
START WITH  
    ChildObjectKey = (SELECT ObjectKey  
       FROM Object 
       WHERE ObjectCode = 'id5000') 
CONNECT BY 
    PRIOR ParentObjectKey = ChildObjectKey  
The result of the query is given in Table 3, where an 
additional column describes the calculation of cumulated 
values. 
From the result set of Table 3, we can calculate the 
cumulated values of the attributes for the glulam beam.  
The cumulated value is the sum 1 2 8( )W W W+ + +"  of  
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rows in the additional column in Table 3. In this example, 
we can see that the glulam beam was manufactured from 
four boards (id2000, id2001, id2002, id2003), and the 
boards were fully used to manufacture the glulam beam 
(TransformationFunction = 1). Going back in the evolution 
path, we can see that the board id2000 was sawn from log 
id1. For example, the cumulated value of the glulam beam 
contains 10% from the attribute values of log id2000 as 
described earlier. 
Table 3 Evolution path for a glulam beam (id5000) 
ParentObject TransformationFunction  
Id2000 1 W1 = 1 ⋅ V 
Id1 0.1 W2 = 1 ⋅ 0.1 ⋅ V 
Id2001 1 W3 = 1 ⋅ V 
Id2 0.1 W4 = 1 ⋅ 0.1 ⋅ V 
Id2002 1 W5 = 1 ⋅ V 
Id3 0.1 W6 = 1 ⋅ 0.1 ⋅ V 
Id2003 1 W7 = 1 ⋅ V 
Id4 0.1 W8 = 1 ⋅ 0.1 ⋅ V 
4.3 Routes of objects 
In the last phase of the implementation, objects are attached 
to the corresponding nodes. This phase also contains the 
implementation of edges. The relation Route is implemented 
for this purpose, i.e., by this objects can be traced through a 
supply chain. The path of nodes for each object is stored  
in the relation-based observations of RFID readers. When 
an RFID reader detects an object in some node, an 
observation is created and one row is added to the relation 
Route. The time instant of the observation is also stored into 
relation Route, in the column Date. 
From the data management viewpoint, the relation Node 
is used to compress the traceability data by combining  
the group of objects that share the same amount of 
environmental burden. For example, during drying a 
product portion may consist of 10,000 boards. The 
environmental burden caused by drying is divided  
evenly (weighted by the volume of the object) for each 
board. In compressing traceability data, we follow the  
idea of Gonzalez et al. (2006a), which means that the 
environmental impact data is saved only once for the node 
instead of storing it for each object that participated in the 
node. The idea is to combine the paths that objects travelled 
together after the observation that the objects generally 
travel along the same path. 
On the basis of the relations in Figure 8, we can find out 
nodes the object passed through. The next query illustrates 
the usage of these relations. The query lists the nodes that a 
glulam beam (id5000) has passed through. The query 
returns Nodes 1, 3 and 4. 
 
 
SELECT  
   NodeKey 
FROM  
   Route 
WHERE 
   ObjectKey = (SELECT ObjectKey  
            FROM Object  
        WHERE ObjectCode = 'id5000') 
By using the relations about nodes and object movements 
through the nodes, an object can be traced through the 
supply chain and the environmental burden can be 
calculated for an individual object. For example, the next 
query sums up the current attribute value V allocated to the 
board id2000 for each node it travels through. 
SELECT 
   SUM(NodeAttribute.attributeValue /  
       NodeProduct.ProductAmount * 
       Object.Volume) 
FROM  
   NodeAttribute  
   INNER JOIN Route  
   ON NodeAttribute.NodeKey = Route.NodeKey 
   INNER JOIN NodeProduct 
   ON NodeAttribute.NodeKey = NodeProduct.NodeKey 
   INNER JOIN Object 
   ON Route.ObjectKey = Object.ObjectKey  
WHERE  
   ObjectKey = 'id2000' AND 
   AttributeKey = (SELECT AttributeKey  
            FROM Attribute  
      WHERE AttributeName = 'CO2') 
By combining the above-mentioned queries, we can use the 
traceability graph for tracing the object through the supply 
chain. The graph allows calculating the resource use and 
emissions for individual objects. A result is shown in Table 
4 where we present the resources and emissions used in our 
example. 
Figure 8 Relation for directed edge 
 
Table 4 Environmental burden of an object 
Product: id500 
Resources Amount Emissions Amount 
Diesel 0.007 L 
Electricity 3.29 kWh 
CO2 1.7 kg 
Glue 0.2 kg … … 
The graph also enables to track the chain of custody of an 
object through the supply chain. By using the info-type 
attribute CompanyCode, we can create a chain of custody 
report for an object. Table 5 illustrates the chain of custody 
document based on our example. 
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Table 5 Chain of custody document for an object 
Product : id500 
CompanyCode Process Date 
111 Harvesting 1.1.2009 
311 Sawing 7.1.2009 
311 Drying 8.1.2009 
411 Gluing 9.1.2009 
5 Discussion 
We presented the traceability graph for modelling  
and manipulating supply chains of physical products. The 
present approach enables analysing cumulated properties of 
products based on the supply chains. The present model 
enables tracing of different product portions as well as 
single products. We gave the graphical for the traceability 
graph and its implementation in relational databases. 
Our example was primarily designed for demonstrating 
the features of the traceability graph, especially for tracing 
of objects. The example was very simple compared with a 
real-life application where, for example, are thousands of 
harvesting nodes in different locations. This means that 
product portions are mixed in refining processes. In other 
words, the origin of raw material used in end products may 
possess various combinations affecting the cumulated 
values of attributes. For example, transporting distances of 
raw materials affect considerably emissions of the end 
products. Further, the originality of the products may  
be essential. Some product portions of raw materials may be 
certificated whereas some others may be manufactured  
by non-ethical methods. Our model also supports the 
analyses for this kind of information needs. For example, 
the ratio of non-certificated materials used in single 
products can be derived. 
In the example, we manipulated product portions 
consisting of quite large sets of objects. However, a process 
may be focused to a single object. In this case, the 
underlying product portion would contain a single logical 
identity. In other words, the present approach also supports 
very strict modelling of single objects. Furthermore, we did 
not demonstrate how processes of a mass of products  
could be traced. Many real processes deal with this kind of 
material in an intermediate phase in a supply chain. These 
kinds of masses may also be identified by logical identities 
but it is also possible to manipulate them without identities, 
but then some average values must be used in tracing. 
Tracing of objects requires strict correspondence 
between objects on the logical and physical levels. In some 
application, the identifying of physical-level objects may be 
a too strict demand because each individual product should 
be identified by RFID tags. However, if a set of physical 
products have same features and supply histories, then one 
physical identifier for a set of physical objects can be used. 
Now, also one logical object identity can be used to refer to  
 
 
this identifier. In other words, one logical identity and 
physical identifier can be used for referring to a set of 
physical products in some processes in a supply chain. 
Following this approach, the related information can be 
maintained without a detailed presentation of the full 
particulars of products, which allows simpler manipulation 
of objects at the logical and physical levels. In general,  
the traceability graph can be used for different granularities 
of product portions. The precision of analysis depends on 
the granularity of used marking on the physical level. 
The information of tracked objects must be fully 
available from all actors in the supply chain so the total 
environmental impact can be calculated. The development 
of RFID technology has reached a state where standards 
(EPCglobal, 2007) have been created for sharing the 
traceability information between the actors in a supply 
chain. The infrastructure of an information system needed to 
share the traceability information is not described in this 
study. Even though this work examines the case where 
every object is marked with an individual tag, it is also 
possible to do the marking with different frequencies.  
For example in some cases it could be more reasonable to 
mark only the chosen objects and track the chain with the 
means of estimates. In the example, we have assumed that 
all participants of a supply chain possess a needed RFID 
technology. However, if this is missing from a participant, 
the related process is described by an average node. This,  
of course, decreases the precision of tracing. 
We mapped the traceability graph to relational 
databases. When mapping the graph to object-oriented 
databases (Cattell and Barry, 2000), the given relations 
would roughly correspond to classes in object-oriented 
databases, whereas cumulated values of attributes could be 
implemented by methods. In the context of deductive 
databases (Ramakrishnan and Ullman, 1995), calculation 
associated with cumulated values of attributes and derived 
attributes could be represented by rules whereas actual data 
could be represented by facts. One reason for selecting 
relational databases was that standard OLAP methods 
(Chaudhuri and Dayal, 1997) are in use for further analysing 
purposes. To be able to analyse the huge amount of data  
that is a result from a traceability system, we created a 
multidimensional model from the tables presented earlier 
and created an OLAP cube from the environmental 
traceability data. The OLAP database provides a possibility 
to analyse the information much more efficiently and to 
provide support for complex analytical queries. 
The model presented in this paper is being tested  
in the European Commission’s Sixth Framework 
Programme-funded project, Indisputable Key. In the 
research project, 10,000 logs are marked in the forest with 
RFID tags. The logs are then traced through the supply 
chain using auto-id technologies. The data gathered in the 
project are used to analyse the environmental impacts of 
forestry wood supply chain and to improve the efficiency of 
the supply chain. 
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6 Conclusions 
The traceability graph enables strict tracing of cumulated 
resources and emissions of products in a supply chain. 
Processes are represented by nodes (vertexes) that involve 
product portions for manufactured products. Each product 
portions involves a ratio for describing the amount of the 
used resources and emissions related to the underlying 
process. Attributes represent information related to a 
process. An attribute has a current value for the underlying 
process, and a cumulated value derived from previous 
processes. Interactions among processes are presented by 
identity shifts (integrity constraints on the graphical level) 
and propagating value of attributes. 
We paid attention to the correspondence between the 
data management model and real-world applications.  
That is, the objects are identified on both levels explicitly. 
In databases, objects are identified by a database  
solution whereas in the real-world physical RFID tagging.  
The present approach enables tracing of product portions  
as well as single objects. This means that for example 
environmental burden such as greenhouse gases can be 
analysed for different products and supply chains.  
The traceability graph is a general method for modelling 
supply processes, although our real-life example was from 
the area of forest industry. We mapped the traceability 
graph to relational databases and demonstrated sample 
analysing possibilities. 
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Notes 
1Harvester is a vehicle used in logging operation. It produces  
cut-to-length logs. 
2Detailed description on RFID data management is found  
in Chawathe et al. (2004). 
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INTRODUCTION
Green computing is usually analogized with 
Green IT as pure technical issues closely re-
lated hardware and software solutions following 
Murugesan’s (2008) definition “the study and 
practice of designing, manufacturing, using, and 
disposing of computers, servers, and associated 
subsystems—such as monitors, printers, storage 
devices, and networking and communications sys-
tems—efficiently and effectively with minimal or 
no impact on the environment.” Instead, we agree 
Antti Sirkka
Tieto Finland, Finland
Marko Junkkari
University of Tampere, Finland
Multidimensional 
Analysis of Supply Chain 
Environmental Performance
ABSTRACT
Monitoring the environmental performance of a product is recognized to be increasingly important. The 
most common method of measuring the environmental performance is the international standards of Life 
Cycle Assessment (LCA). Typically, measuring is based on estimations and average values at product 
category level. In this chapter, the authors present a framework for measuring environmental impact 
at the item level. Using Traceability Graph emissions and resources, it can be monitored from the data 
management perspective. The model can be mapped to any precision level of physical tracing. At the 
most precise level, even a single physical object and its components can be analyzed. This, of course, 
demands that the related objects and their components are identified and mapped to the database. From 
the opposite perspective, the authors’ model also supports rough level analysis of products and their his-
tories. In terms of the Traceability Cube, multidimensional analysis can be applied for traceability data.
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with those authors (e.g. Donnellan, et al., 2011) 
who see that green computing not only involves 
the previous definition for Green IT, but also pos-
sesses methods to use ICT in business processes 
to reduce environmental impact of enterprises.
Our contribution is to serve fine-grain tracing 
approach for monitoring and analyzing life cycle 
data of products. As our example (forest industry) 
illustrates our model is general—not only for 
manufacturing and tracing of computers and data 
centers. Any physical product has its own supply 
history represented as a supply chain. In practice, 
the history of the product is the history of its parts 
composed in the supply chain. The precision of 
traceability of products depends on how detailed 
the history of the components can be traced. We 
give a logical framework for tracing and analyz-
ing the emissions and resources of products both 
at the item and patch levels.
The problem with measuring the environmental 
impact caused by a product at the item level is that 
supply chains are dynamic. A manufacturer can 
use various subcontractors and supply various end 
manufacturers or retailers in different countries. 
For example, a product that is transported from 
another continent to a supermarket is bound to 
have different environmental impact than another 
product that is transported to a supermarket from a 
nearby producer. However, the common method of 
calculating the environmental impact on a product 
is to measure the resources used, emissions and 
production in some time period and calculate the 
average environmental impact on the product. This 
does not take the dynamic nature of the supply 
chains into account.
To be able to track the objects through the dy-
namic supply chain, the products/patches must be 
identified at the physical level. The development 
of an auto identification enables us to identify an 
object moving in the supply chain. This means 
that we can connect the physical world objects 
with their virtual counterparts in databases. With 
the traceability we can track the relationships 
among properties of processes, in this case the 
environmental burden caused by processes, and 
actual product instances.
Unlike existing methods our model enables 
analyzing environmental impact on the product 
level – not only average values. The model sup-
ports for monitoring emissions (e.g. CO2) and 
resources (e.g. Energy) at any precision level only 
depending on how precisely physical products and 
patches can be identified and monitored. Our ap-
proach is based on the Traceability Graph (Junkkari 
& Sirkka, 2011) that enables tracing of products 
on any level of precision. In practice the method, 
produce a huge amount of data. Multidimensional 
methods (e.g. OLAP, online analytic processing) 
enables viewing this data through several dimen-
sions at different levels of granularity. We design a 
data cube, called Traceability Cube, for advanced 
analysis of traceability data.
WORKFLOWS
Generally, workflows are used to model the flow 
of materials, documents and other pieces of in-
formation from one process to another (van der 
Aalst & van Hee, 2002; Bonner, 1999). Modern 
software modeling methods such as UML contain 
activity diagrams for mapping real-world activi-
ties to the underlying software solution (or vice 
versa). There are also a number of commercial 
applications that have a component for drawing 
workflow diagrams. The common feature of these 
applications is that they support the illustration 
of different types of processes.
The workflows can be divided into two main 
categories, process- and data-centric. So far, the 
process-centric workflow modeling focusing on 
processes and the timing between them has been 
the dominant approach. However, recently the 
data-centric workflow modeling has gained popu-
larity. In the data-centric workflow modeling the 
focus is on the transformation of data sets—initial, 
intermediate, and final (Akram, et al., 2006). The 
data sets are used as parameters to services that 
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consume the input data set and create output data 
sets. The data-centric workflows are most com-
monly used in scientific problem solving.
In scientific problem solving the primary 
feature of the scientific workflow methods is to 
concentrate on functionality of processes based 
on the underlying data (Curcin & Ghanem, 2008). 
Analytical steps instructions how to handle the 
underlying data sets, i.e. data-centric workflows 
are used to model, design, and execute an analysis, 
the capturing series of analytical steps.
Scientific workflows formalize the process 
of the scientific analysis by modeling the data 
transportation, transformation, and analytical 
steps between distributed computational steps. 
Scientific workflows are directed graphs where 
arcs represent the transitions between places, 
which represent computation steps. The main 
components of the scientific workflow model are:
• Workflow engine invokes the services 
based on the predefined instructions
• Services which form the workflow are ac-
cessed through interfaces.
• Applications implement the functionality 
of the services.
• Tokens of data are consumed and produced 
by services.
A scientific calculation process is generally 
geographically distributed over users and resourc-
es and involves huge data sets. Scientific work-
flows play an important role in Grid computing 
which combines multiple computer resources to 
solve a single task, such as geophysics, astronomy, 
or bioinformatics where the amount of data can 
be petabytes (Foster, et al., 2001; Chervenak, et 
al., 2001). The main principles in Grid are the 
non-centralized control of resources, standardized 
open protocols, and interfaces. A Grid network is 
a distributed system that enables sharing antony-
mous resources based on their availability. There 
normally is a semantic mismatch between the 
applications in the Grid network, and calculations 
executed by applications in the Grid network can 
be time-consuming. These requirements must 
be taken into account when designing scientific 
workflow systems (Barker & van Hemert, 2007).
The ability to reproduce and reuse results is 
one of the most important requirements in scien-
tific analysis. To be able to trace the chain of the 
analysis we need the provenance information, 
which enables the users of a scientific workflow 
system to share the results and reproduce the cal-
culation process (Freire, et al., 2008; Simmhan, 
et al., 2005). The provenance information can be 
categorized into two main categories (Clifford, et 
al., 2008). Prospective provenance means infor-
mation about the calculation steps in a workflow, 
i.e. the specification of the scientific workflow 
that needs to be executed. Information about 
the environment and executed calculation steps 
used to derive the data sets is called retrospective 
provenance. The provenance includes the inputs 
of a workflow, the outputs of the workflow, and 
definitions of the calculation steps and data tokens 
between the steps.
The provenance data that is collected from 
supply chain is used to connect information on 
processes to products. The example used in this 
chapter is the environmental burden caused by 
processes, and actual product instances. The 
Traceability Graph is not bound to any existing 
data or workflow methods. The model can be ap-
plied using existing formalisms and systems. First, 
the supply chain is modeled as a basic workflow 
model. The workflow model provides a starting 
point for the Traceability Graph—presented in 
this chapter—which can be seen as a data-centric 
workflow where each supply chain process is a 
calculation step—node—in which the life cycle 
data are allocated to a product. Instead of con-
centrating on the process functionality, which is 
one of the main aspects of data-centric workflows 
(Curcin & Ghanem, 2006), the Traceability Graph 
emphasizes the handling of aggregation and 
movement of data between processes. The life 
cycle information collected from each process 
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can be shared among supply chain stakeholders 
using the services as discussed in Section Future 
Research Discussion.
ENVIRONMENTAL 
PERFORMANCE MONITORING
The most common method used for measuring 
environmental performance in organizations is 
to calculate the total environmental impact for 
the whole company. The dominant methodolo-
gies used are Greenhouse Gas Protocol, which 
is a guideline for organizations to estimate 
their greenhouse gas emissions and the Global 
reporting initiative reporting framework which 
defines the sustainability reporting framework 
for the organization. Both methods result in a 
total environmental burden for a whole company. 
These resulting values cannot be used to measure 
an environmental impact for a certain product 
because the emissions are not allocated to the 
individual products.
The main approach for assessing the envi-
ronmental impact for a product is international 
standard of the Life Cycle Assessment (LCA) ISO 
14040 series (International Organization for Stan-
dardization, 1997). There are also specifications 
for the assessment of the greenhouse gas emissions 
of products. The Publicly Available Specification 
(PAS) 2050 (Carbon Trust, 2008) that builds on 
ISO standards for the life cycle assessment by 
describing the requirements for the assessment 
of the greenhouse gas emissions and ISO 14067 
standard for Quantification and Communication 
of the Carbon footprint of a product.
Life cycle assessment is a standardized method 
for calculating the environmental impact caused 
by a product during its life cycle. The goal of LCA 
is to compare the environmental impact caused 
by a product so that the customer can choose the 
least burdensome one.
In the first phase of LCA, the scope of the life 
cycle assessment is defined, i.e. which life cycle 
processes, inputs, and outputs are included in the 
assessment. In addition, the functional unit for the 
assessment is selected. The functional unit can be 
described as a meaningful amount of a product 
used in the assessment. For example a cubic meter 
of timber, one mobile phone or one tomato.
The second phase, called life cycle inventory 
analysis, the input and output flows for each pro-
cess is defined (see Figure 1). There are two flow 
types. Elementary flows describe the inputs and 
outputs for process (e.g. raw materials and energy 
resources and outputs of waste and emissions 
respectively). Product flows are used to describe 
flow of products and by-products through process. 
If a process produces more than one product, an 
allocation is also needed. For example, in sawing 
the main product is a centreboard with certain 
dimensions. The sawing process also produces 
sideboards, wood chips, and sawdust that are con-
sidered as by-products. In this case, the emissions 
caused in the sawing process can be allocated to 
centreboard, sideboards, wood chips, and sawdust 
using volume or value based allocation method.
In the third phase, called impact assessment, 
the results of previous phase are assigned to the 
impact categories, which include (International 
Organization for Standardization, 2000):
• Climate change
• Depletion of the stratospheric ozone layer
• Acidification of land and water sources
• Eutrophication
• Formation of photochemical oxidants
• Depletion of fossil energy resources
• Depletion of mineral resources
For example, the emissions to air like carbon 
dioxide and methane are assigned to the Climate 
Change category. In the final, interpretation phase, 
the conclusions of the assessment are made. In 
this chapter, we present the model for tracing and 
storing the life cycle data about product manufac-
tured in dynamic supply chain. Unlike the existing 
methods, our model enables analyzing resources 
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and emissions at the single product level—not 
only average values. This is achieved by allow-
ing gathering real monitored activity data from 
supply chain processes.
IMPLEMENTATION OF LCA PHASES
Our approach supports the different phases the 
life cycle assessment as follows. In LCA Phase 
1, the Traceability Graph is used to model the life 
cycle processes, inputs and outputs are included in 
the assessment. The traceability data is collected 
to a database based on the Traceability Graph 
in LCA phase 2 - Life Cycle Inventory (LCI) 
analysis. The phases 3 and 4 are implemented in 
terms of the Traceability Cube. The Traceability 
Cube provides abilities to use the OLAP (Online 
Analytic Processing) type operations (Chaudhuri 
& Dayal, 1997) for analyzing the information of 
the Traceability Graph. OLAP is a method used 
for describing the analysis of the complex data in 
the data warehouses. OLAP Council has defined 
three main functions that are provided by OLAP 
systems: multidimensional views of data, ability 
to perform complex calculations and intelligent 
handling of time, i.e. time intelligence.
LCA Phase 1: Traceability Graph
The Traceability Graph is used to model the supply 
processes of physical products and resources and 
emissions associated with the products and their 
components. The Traceability Graph has the ability 
to manipulate products and the transformations 
of the products. For example, a product may be 
composed from many parts or a product may be 
manufactured using masses of raw materials. The 
Traceability Graph is not bound to any existing data 
or workflow methods. The model can be applied 
using existing workflow formalisms and systems.
The Traceability Graph has also the ability 
to manipulate the properties of processes and to 
allocate them to products that are handled in that 
process. The Traceability Graph can be presented 
using nodes and edges and their properties. A node 
is used to describe a supply chain process. An 
edge is used to describe a product flow between 
processes. The supply chain can be viewed as 
supply processes following each other in a partial 
order. A manufacturing process is an event that 
Figure 1. Process and flows
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transforms the input elements (raw material, en-
ergy) into output elements (product, waste, and 
emissions).
In a Traceability Graph, processes can be 
grouped based on their process types, i.e. similar 
processes are instances of a process type. Within a 
process type the specific properties of processes, 
such as timing, placing, etc., may vary.
In Figure 2 there are seven process types (A, 
B, …, G). Process type A has four instances. 
These nodes have no predecessor, which means 
that the traced objects have been created in these 
nodes. The objects are transferred forward in the 
graph. For example, objects from Nodes A1 and 
A2 are transferred to Node B1. Now objects are 
not changed but object sets (product portions) of 
A1 and A2 are unionized in B1. This also means 
that the resources and emissions of A1 and A2 are 
cumulated to the new set of objects. The objects 
from B1 are transferred to the Node C1 where 
products are classified and sent to one of the D 
processes.
In the D processes objects are divided into 
several objects. A double-headed arrow illustrates 
this. For example a physical object is decomposed 
or divided into parts. Then, parts may be classified 
and sent to forthcoming processes. The E nodes 
receive product portions consisting of these parts. 
In an E process they are refined and sent to Node 
F1 which is a shared process for all products. The 
products of F1 are components for the G pro-
cesses, i.e. in G1 and G2 objects are composed 
from the objects that F1 yields. A shared start 
arrow illustrates this, i.e. several component ob-
jects of the start node are needed for a single 
composition object of the end node.
In a Traceability Graph it is possible to trace 
the supply chain of an object, i.e. to find all the 
preceding processes where the object at hand has 
participated. This also means that all the informa-
tion related to those processes can be attached to the 
object. Given the running example, let us assume 
that we are interested in an object that belongs 
to Node G1. Then, the processing history of the 
object is a subgraph of the main graph. In Figure 
3 the colored nodes are processes in which the 
underlying object, its part, or a whole related to 
the parts has participated. In the example, parts of 
Figure 2. A sample traceability graph
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the underlying object have gone through F1, E2, 
E3, and D2, whereas the larger objects consisting 
of the parts have gone through C1, B1, A1, and 
A2. This subgraph is also the supply chain of the 
underlying object.
The Traceability Graph can also be used for 
analyzing different aspects on processes. For 
example a process type can be selected and we 
can see how much some process causes the envi-
ronmental burden. Further, this analysis can be 
done in a supply chain of one object or a set of 
objects.
Next, we introduce the properties of edges and 
nodes of the Traceability Graph.
An object is a unit of tracing in a phase of the 
related supply chain. This can be a single product 
or a patch depending on the precision of tracing 
in the underlying supply system.
A process node contains the identity of a 
process, the set of product portions (patches) and 
the set of attributes associated with the process. A 
product portion involves the quantity of products, 
the identifiers of objects and the ratio of the emis-
sions and resources compared with the total ones 
in the process node. The ratio is calculated by an 
application specific method. It can be based on 
the portion of mass or used time of machines, for 
example. Product portions of a process are viewed 
through the end products of a process.
An attribute of a node determines information 
associated with a process. Input attributes describe 
the resources of a process whereas output attributes 
can be used for determining the emissions of a 
process. Each attribute has two values: one for the 
underlying process and the other for containing 
the cumulated values from the previous nodes. A 
cumulated value is calculated based on the ratios 
of product portions and quantity that is sifted from 
the previous nodes via edges.
Via edges, products are sifted from a process 
to another more precisely from a product portion 
to another. An edge also determines the mapping 
of objects between two processes. The mapping 
can be:
1.  Equivalence: Objects from a start node of 
a product portion are sifted to the related 
product portion of the end node.
2.  Subsetting: Only some objects are sifted to 
the related product portion of the end node.
3.  Supersetting: All the objects are sifted to the 
related product portion of the end node but 
the product portion of the end node contains 
similar objects from another process node.
Figure 3. The supply chain of an objects belonging to node G1
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4.  Division: Objects of a start node are divided 
into smaller objects. If an object represents 
a single product, this is portioned.
5.  Composition: Products of the start nodes are 
components for the end node.
In 1-3 the objects maintains their identities 
but in 4 and 5, the identities must be changed. In 
case 4 the identity of a product is mapped with 
the identities of parts that are produced from the 
product. In case 5 several objects are needed 
for one composition object, i.e. the identities 
of components are mapped with the identity of 
the related composition. It is worth noting that a 
product of an end node may contain components 
from several start nodes.
Through an edge, the information of sifted 
products from a node to another node is trans-
ferred to an end node following the mapping of 
objects. An edge involves those objects that are 
sifted from a start node to the end node (only some 
products of a product portion may be selected 
from other processes). This part of the product 
portion of the start node is called a sifted product 
portion. In transferring products from a process 
to another, the attributes must be re-calculated for 
corresponding to the sifted product portion. This 
is based on the ordinary and derived attributes. 
The derived attribute is associated with an edge 
and it determines the amount of an ordinary at-
tribute that is related to the sifted product portion.
This information collected throughout supply 
chain processes—nodes—enables to connect 
the products and processes using the Traceabil-
ity Graph that can be thought as a provenance 
model, where provenance is collected as a set of 
nodes—discrete activities through supply chain 
processes—that describe the route of an object 
traveling through a supply chain. Each node 
includes the following information: location, 
the time interval when an object was present in 
the node and elementary flows connected to the 
process.
LCA Phase 2: Storing 
Traceability Data
The Traceability Graph is mapped to the relational 
database as presented in Figure 4. We selected the 
relational database because the standard OLAP 
methods are used to further analyze the huge 
amount of data that is a result for tracing the in-
dividual objects. In Figure 4 PK means primary 
key and FK means foreign key.
The information of the Traceability Graph is 
stored into eight relations:
• Node relation is used to store the identities 
of process nodes.
• Attributes (e.g. raw materials, energy) are 
stored into Attribute relation.
• Product types are stored into Product 
relation.
• The relation NodeAttribute is used to store 
the process (Node) specific attributes. For 
example 〈Process#1, Electricity, 100 
kWh〈 specifies the use of electricity of 
Process#1.
• The relation NodeProduct is used to store 
the information about product portions of a 
specific process (Node). The column Ratio 
is used to allocate the environmental bur-
den between the portions of products and 
by-products. For example 〈Process#1, 
Product#1, 0.6〈 specifies that Product#1 
is an end product of Process#1 and the re-
lated ratio is 0.6.
• The relation Object is used to store the ob-
ject specific information like physical code 
of the object and its volume.
• The relation ObjectRelation is used to store 
the object mapping when object identities 
are changed. The column Transformation 
function is used to calculate the cumulated 
attribute values.
• The route of the objects through a supply 
chain is realised by the Route relation. This 
corresponds to the sifted product portion.
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The relation model in Figure 4 can be easily 
extended to include more product and supply 
chain specific information. For example, we 
can implement an organisational hierarchy by 
creating Process, Site and Organisation relations 
(Node→Process → Site→ Organisation). This 
kind of extension enables analysis of environmen-
tal data by using the hierarchy as a dimension in 
multidimensional OLAP model.
LCA Phases 3 and 4: 
Traceability Cube
There are three different type of OLAP systems, 
the relational, multidimensional and hybrid OLAP. 
The data and dimensions are stored as relational 
tables in the database in the relational OLAP. The 
multidimensional OLAP stores the data in the 
optimized multi-dimensional array called OLAP 
Cube. OLAP Cube is a data structure that allows 
fast analysis of data from multiple perspectives 
(dimensions). The cube consists of facts that are 
called measures and dimensions that categorise the 
facts. The hybrid OLAP mixes the previous types, 
i.e. the usage of relational tables and cubes can 
be selected for each case separately (Chaudhuri, 
1997). To be able to use the OLAP type operations 
for analyzing the information of the Traceability 
Graph we must combine the previous tables as a 
data cube. Common operations include:
• Slicing and dicing the data providing multi-
dimensional view of data based on subsets 
corresponding to the selected dimensions.
• Drilling down/up rises or lowers the level 
of aggregation. For example we can view 
Figure 4. Database schema for the traceability graph
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the data in day, week, month or yearly 
level.
• Pivot/rotate operation provides alternative 
view of data. The pivot operations can be 
used to change the dimensional orientation 
of the data cube.
In this work, we use the multidimensional data 
model “MD” that is presented in Torlone (2003). 
In figures, the dimensions are presented as round-
cornered boxes, the facts are presented as boxes, 
the description of dimensions are presented as 
small diamonds, and the measures as circles. The 
circles drew with dashed line presents calculated 
measures.
Figure 5 presents the Traceability Cube with 
some example dimensions. The Process dimension 
can be used to compare the environmental impact 
between manufacturing sites and manufacturers. 
The Object dimension is used to aggregating the 
environmental data for different product groups. 
The measure Flow Amount is the amount of el-
ementary flow used in a process in a certain date 
allocated to specific object. The measure Volume 
specifies the volume of an object. In Figure 6 some 
sample instances over the Traceability Cube are 
Figure 5. Traceability cube schema
Figure 6. A sample instance over the traceability cube
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presented. The EPC column is the unique identity 
of an object.
The Flow Amount is used for calculating the 
calculated measures – amount of emissions (e.g. 
carbon dioxide, methane, nitrous oxides) and 
amount of key environmental performance indi-
cators (see e.g. Lim & Park, 2009). The emission 
amount is the amount of emissions caused when 
using elementary flow (raw material or energy) 
in some process. For example, carbon dioxide 
emissions when using electricity from Tampere 
electricity station in Finland were 194 g / kWh in 
the year 2008. There are many environmental 
databases that comprise life cycle inventory data 
from different supply chain processes. For ex-
ample, the ELCD core database by European 
Commission - DG Joint Research Centre - Insti-
tute for Environment and Sustainability com-
prises more than 300 process datasets (e.g. key 
materials, energy carriers, transport, and waste 
management).
In Figure 7 some emissions and impact cat-
egory global warming potential for objects with 
code 2 and 4 are. Key environmental performance 
indicators are calculated based on the emissions.
The impact category climate change is calcu-
lated based on carbon dioxide, methane, nitrous 
oxide and several other emissions. The measure-
ment unit for the climate change is kg of carbon 
dioxide equivalent which means that all the 
other emissions are converted by using a conver-
sion factor. For example the conversion factor of 
Methane is 25. Full list of emissions and factors 
can be found from PAS 2050 (Carbon Trust, 2008).
In Figure 8 the impact category acidification 
of land and water resources and some of the emis-
sions affecting it are presented. The acidification 
potential is represented in terms of sulphur dioxide 
(SO2) equivalents. Thus, all the other emissions 
are converted to sulphur dioxide equivalents using 
conversion factors: NO = 1.07, N
2
O = 0.7, NO
x
 = 
0.7, NH
3
 = 1.88, HCl = 0.88, HF = 1.6 (Heijungs, 
et al., 1992).
Process Dimension
The process dimension contains the organisational 
hierarchy and other process specific information, 
in this example Machine → Process → Site → 
Organisation. The machine level includes the 
Figure 7. Emission and impact calculation: climate change
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spatial description location that can be used for 
spatial analysis of environmental burden.
The process dimension can also be used to 
benchmark between different processes or manu-
facturers, i.e. it can be used to compact workflow. 
For example we could merge the transporting 
nodes of our running example and get the total 
amount of transporting in our sample supply chain. 
In an enlarged example, presented inFigure 9, we 
analyze the effect of different transporting methods 
by merging the transporting nodes based on the 
transporting type – the machine type in example 
dimension.
By comparing the environmental performance 
of same type of processes companies can see if 
the performance metrics of their process compare 
to industry best practices. This allows companies 
to notice where they could make the biggest im-
provements in their environmental performance.
Object Dimension
The object dimension is used to describe the prop-
erties of object and can be used to benchmark the 
environmental burden between different products 
and product types. The total environmental impact 
caused when manufacturing a single object is a 
result when slicing the cube using object level. 
The slices contain environmental impact from the 
processes that are extensionally connected with 
the product (see Figure 10).
By using the slice, we can also get the infor-
mation about the supply chain of a product. This 
accurate item level information improves the vis-
ibility of the supply chain enabling organizations 
to improve their product life cycle management. 
For example in forest industry, the companies are 
certificating their product using PEFC (www.pefc.
org) chain-of-custody certification (Forests area: 
229 million ha, Forest owners: > 475,675). The 
PEFC chain-of-custody certification is a method 
for tracing wood from forest to the final product 
to ensure the wood or wood-fibre can be traced 
back to certified forest. The certification has two 
methods of realizing this:
• Percentage based method – the method al-
lows mixing certified and non-certified raw 
materials taking into account that the per-
centage of certified raw material must be 
known. Company can sell as certified the 
Figure 8. Emission and impact calculation: acidification of land and water resources
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Figure 9. Process dimension and benchmarking
Figure 10. Object dimension and a supply chain of a product
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proportion of its production, which equals 
the proportion of the certified raw material
• Physical separation method – the method 
requires certified and non-certified raw ma-
terial to be physically separated throughout 
the supply chain.
As seen, the methods can be integrated and 
improved using the Traceability Cube. The ac-
curate item level information of the origin can 
be used to create a transparent and trustworthy 
certification system for origin.
Other usage example is recalling unsafe, 
defective, or hazardous products. The item level 
traceability allows manufacturers to recall just 
the particular products that contain the unsafe 
elements. For example, Toyota recalled approxi-
mately 9 million cars in 2009-2010 for three re-
lated recalls pedal entrapment/floor mat problem 
and accelerator pedal problem. If the reason of 
recall is for example a faulty set of components, a 
manufacturer could have only recalled those cars 
that include the faulty components, not the whole 
set of manufactured cars in some time period.
The item or patch level traceability can also 
be used in food industry to avoid total recalls. 
The Traceability Cube enables manufacturers, 
suppliers and resellers to identify the products 
where some suspected raw material was used and 
all customers whom the products were delivered. 
Using the system companies are better equipped 
to retrieve the affected products and to protect 
their reputation and brand value.
Date Dimension
In data warehousing the date dimension is the most 
frequently used dimension. The date dimension 
is used for analysing the effect of time regard-
ing the environmental impact. For example by 
using the date dimension, we can perform trend 
analysis, for detecting a pattern of behaviour in a 
data series. Also historical and period comparison 
analysis can be made.
For example, we can track if the environmen-
tal burden of a manufacturing facility is diminish-
ing or growing. The trend information can also 
reveal if environmental burden is affected by 
seasons or other time related matters. For ex-
Figure 11. Date dimension and trend report
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ample the Figure 11presents a situation where 
acidification potential is higher during summer 
months and global warming potential is higher 
during fall, winter, and spring. The trend informa-
tion can easily be used for forecasting also the 
future environmental burden using standard al-
gorithms as time series analysis.
Elementary Flow Dimension
The elementary flow dimension describes the 
resources and raw materials used to manufacture 
an object in each process (see Figure 12).
In this chapter, we have used the environmen-
tal values as an example. The Traceability Cube 
can be easily extended to include also economic 
and social information. By adding a price for an 
elementary flow we can also monitor and analyze 
the economic performance of the processes in 
similar methods than presented above. The social 
elementary flow can also be added to the system. 
For example work related accidents happened 
during the process. This enables us to monitor 
and analyze the products and their manufacturing 
process in all three viewpoints of sustainability 
and thus allowing us to choose the most sustain-
able way of manufacturing.
The analytics capabilities of the Traceability 
Cube can be used for analyzing the environmen-
tal data. For example, environmental data can 
be summed up to create the total environmental 
impact for the whole life cycle of the product. 
The data can also be used for comparing the 
performance between different manufacturers or 
manufacturing sites. The possibility to analyze 
the supply chain on the process and item level 
allows the end users to select a product, which 
creates least environmental burden. This creates 
pressure for the manufacturers to improve the 
eco-efficiency of their supply chains.
FUTURE RESEARCH DIRECTIONS
The precision of traceability of the resources and 
emissions depends on the underlying data model 
and ability how strictly physical products and their 
components can be identified. Our model can be 
applied to any granularity of tracing. For applica-
tions, it is required physical identity mechanism 
that can be mapped to their logical counterparts 
in the database.
One option for marking the objects is Radio-
Frequency Identification (RFID) technology, 
which can be compared to the bar code identi-
fication: an identification code is embedded to 
an object. The RFID system can be divided into 
three components:
Figure 12. Elementary flow dimension and sustainability performance comparison report
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• RFID-tag. The main parts of the tag are 
a chip, an antenna, and a packaging. The 
chip holds the individual code attached to 
the physical object. The antenna transmits 
the information to the reader and the pack-
aging holds the antenna and the chip.
• RFID-reader. RFID-readers read the object 
identifier from the RFID-tag without need-
ing a clear line of sight. The RFID-reader 
can be integrated to a machine or it can be 
just a hand held device.
• Host. The Host computer hosts the applica-
tion that maps the RFID-data stream from 
RFID-readers to more understandable 
form that is useful for for the manufactur-
ing execution and enterprise resource plan-
ning systems.
Unlike bar code identification, the RFID 
system does not require a line of sight and the 
orientation of reader and tag is not signification 
for communication. Moreover, the reading is auto-
matic and each item is individually labeled with a 
tag that is more difficult to counterfeit than a simple 
barcode. With RFID technology a vast amount of 
tags can be read simultaneously. RFID tags can be 
active, passive, or semi-passive. The RFID tech-
nology and data management has been researched 
extensively during the last decade—e.g. RFID 
data staging to OLTP- and OLAP-applications 
(Krompass et al., 2007) provides a method that 
answers to different kinds of needs that transac-
tional and analytical applications poses to RFID 
data, and the RFID data warehousing (Gonzalez, 
et al., 2006). Dada and Staake (2008) describe a 
method of presenting the carbon footprint of the 
product instance to the customers.
The example above presented how environ-
mental impact information can be analysed. To 
be able to cover the whole supply chain the envi-
ronmental monitoring system must be modular, 
i.e. each actor is responsible for generating data 
from a part of the supply chain of the product. The 
main challenge of analysing the environmental 
impact of a product is the precision of underlying 
environmental data. In the optimal situation, all 
the products in the world would be traced through 
the full supply chain where all processes have 
smart metering systems for measuring the emis-
sions generated when manufacturing products 
and this information would be shared through 
standard interfaces. However, this is not realistic 
as a starting point.
As discussed in Usva et al. (2009) there is a 
need for a modular approach where the starting 
point is to use the environmental impact values 
produced by current approaches, varying from 
expert judgments and partial estimates to the us-
age of aggregated product group data generated 
from national input-output tables or data from life 
cycle assessments that is calculated using averages. 
These default values would be used when the part 
of the supply chain does not have environmental 
monitored traceability data available. These values 
should be defined so that the stakeholders would 
be encouraged to produce more accurate data. This 
is achieved by using somewhat higher values than 
average of the industry.
The modularity of a supply chain means that 
each actor is responsible for generating data from 
a part of the supply chain of the product and to 
share it with other stakeholders. To be able to 
share product related information in the complex 
supply chains the organizations have to agree on 
a common standard. One of the most promising is 
EPC global Architecture Framework1 standards, 
which are generally accepted methods for sharing 
product data in supply chains. They enable sup-
ply chain stakeholders to capture, store and share 
product related data. The EPCGlobal architecture 
includes EPC Information Services specification 
(EPCGlobal, 2007) that defines storing and sharing 
the traceability data that is created when a product 
marked with an RFID-tag passes an RFID-reader 
in a process in a supply chain. This event data 
normally contains unique identification code, 
location, and time. By extending the EPC Informa-
tion Service specification also environmental data 
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can be included in event data. For example: ‘At 
location X in time Y the object Z was observed 
with the environmental data [elementary flow #1, 
elementary flow #2]’. In Björk et al. (2011), we 
have given more detailed technical description of 
sharing environmental data and scalability of the 
system in real world application.
To be able to generate a total carbon foot-
print for a product the organizations must share 
environmental information of the products that 
were handled by them in their part of the supply 
chain. For example, in our running example, some 
organizations are responsible for harvesting the 
timber; sawmill companies handle the sawing and 
glued laminated timber manufactures are using 
the boards sawn in sawmills. All these stakehold-
ers own a part of the final product’s life cycle 
information. To be able to share environmental 
information each stakeholder must implement 
an EPC Information Service that implements 
the extension for environmental data. To be able 
to handle the object transformation (division or 
composition) in the supply chain, the stakeholder 
responsible for the transformation part of the 
supply chain is also responsible for aggregating 
the environmental information from up to that 
point. In other words, when a manufacturer is 
further processing products, the manufacturer 
is responsible for calling the EPC Information 
Services of a supplier and to add this (derived 
attribute in the Traceability Graph) information 
to the environmental information of the further 
processed product.
To be able to present the environmental data 
coherently and reliably there has to be a standard 
set of rules which are enforced by an external 
auditing party. The ISO 14025 (International 
Organization for Standardization, 2006) specifies 
a method for creating environmental declarations 
and programmes for creating them. One pro-
gramme operator is an international EPD system, 
which maintains a specific set of product category 
rules that provides specifications for creating an 
environmental product declaration for products. 
The rules could be extended so that the best level 
of the environmental product declaration would 
be a monitored real-time traceability based envi-
ronmental data.
When the environmental impact of the whole 
supply chain is visible to the customers in a reliable 
and visible way, they can make educated choices 
of selecting the product with least environmental 
impact, which would encourage companies to 
produce data for their part of the supply chain and 
to optimize their production in a sustainable way.
CONCLUSION
We presented a model how emissions and resourc-
es can be monitored from the data management 
perspective. The model can be mapped to any 
precision level of physical tracing. At the most 
precise level, even a single physical object and 
its components can be analyzed. This, of course, 
demands that the related objects and their compo-
nents are identified and mapped to the database. 
From the opposite perspective, our model also 
supports rough level analysis of products and 
their histories. We showed how multidimensional 
analysis can be applied for OLAP analysis based 
on the Traceability Graph.
In short, our approach supports the different 
phases the life cycle assessment as follows. The 
Traceability Graph is used to model the processes 
(LCA phase 1). The traceability data is collected 
to a database based on the graph (LCA phase 2). 
The Traceability Cube is used to represent the 
impact assessment and analyzing the results (LCA 
phases 3 and 4).
We also presented an infrastructure, which 
allows tracing the environmental burden of an 
individual product in a complex and dynamic 
supply chain. The system can be used with any 
level of physical tracing from using the yearly 
values to the component level of the product. The 
model presented can be used for creating a reliable 
system for measuring an environmental impact of 
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a single product and to present this information to 
stakeholders, so that they are able to choose the 
products, which create less environmental burden
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KEY TERMS AND DEFINITIONS
RFID: Radio-Frequency Identification (RFID) 
is a technology that is used to identify an object 
by using radio wave technology to exchange the 
identity data between the tag attached to an object 
and RFID-reader
EPCglobal Architecture Framework: EPC-
global Architecture Framework is a collection of 
standards of hardware, software and data which 
aim to exchange product level supply chain in-
formation transfer through the use of Electronic 
Product Codes.
EPCIS: Electronic Product Code Information 
Services standard specifies the EPC data sharing 
between the supply chain stakeholders. The goal 
is to enable supply chain stakeholders to gain 
shared view of the EPC-bearing objects in the 
supply chain.
LCA: Life cycle assessment is a standardized 
method for calculating the environmental impact 
caused by product during its life cycle. The goal 
of LCA is to compare the environmental impact 
caused by a product so that the customer can 
choose the least burdensome one.
LCI: Life cycle inventory is an inventory 
input and output flows of a certain system. Input 
flows include input of energy and raw materials. 
Output flows include releases to land, water and 
air. The inventory data is related to the functional 
unit defined in the life cycle assessment.
Environmental Indicator: Environmental 
Indicator is a measure of performance used to 
measure the state of the environment
OLAP: Online Analytical Processing is a 
method used for describing the analysis of the 
complex data in the data warehouses.
Traceability Graph: A workflow model for 
tracing an allocating emissions and resources of 
products in supply chains.
Traceability Cube: A multidimensional model 
for analyzing life cycle information based on the 
Traceability Graph.
ENDNOTE
1  See EPC Global (2011).
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1. Introduction
Radio frequency identiﬁcation (RFID) provides means to
automatically identify objects using radio frequency signals.
Passive RFID is based on modulating the backscattered signal
from the transponder to the reader. This principle has been used
since the 1940s [1] with radar and transponders. More recently
passive RFID technology based on the same general principle has
found numerous applications in marking and identifying objects,
for example in logistics, in access control and in anti-theft devices.
RFID is commonly used at low frequencies (LF), high frequencies
(HF) and ultra high frequencies [2].
UHF RFID transponders have gained popularity in several
applications as they enable long reading ranges up to several
meters with inexpensive passive transponders without batteries.
Passive transponders are powered by the signal transmitted by the
reader. Even longer read ranges are possible utilising semi-passive
or active transponders with a power source (battery) at the cost of
increased transponder price. Typically passive transponders
consist of an antenna and an integrated circuit (microchip) on a
plastic substrate. This inlay is attached to marked object either
directly or inside a protective casing. The antenna design for UHF
RFID transponders is discussed for example in [3].
The use of UHF RFID technology in the forestry industry is a
novel application for this technology. Previously the use of
commercially available RFID transponders in the marking of trees
has been experimented [4–6]. The conclusion in the trials was that
the commercial transponders were not very well suited for large
scale tree or log marking as they were not designed for this
purpose. HF transponders have been used to mark logs [7,8] but the
limited read range of the HF transponders presents challenges in
the automatic identiﬁcation of the logs. In the Indisputable Key
project, UHF RFID technology for the use in the forestry industry for
automatic and manual log marking was developed [9].
The Indisputable Key project, an integrated project funded by
EU in the sixth framework program [10], develops tools and
knowledge to enable a signiﬁcant increase in raw material yield
and in utilisation of production resources in the forest and wood
industry, thus decreasing the environmental impact. The main
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A R T I C L E I N F O
Article history:
Received 9 May 2011
Accepted 2 August 2011
Available online 3 September 2011
Keywords:
RFID
Forestry industry
Environmental monitoring
EPCIS
LCA
A B S T R A C T
It is estimated that wood raw material worth of approximately s5 billion is wasted annually in Europe.
The major reason for this is that the raw material is not used in the most efﬁcient way as information
needed regarding the wood raw material is not available throughout the supply chain. An automatic
traceability system makes it possible to utilise raw material information efﬁciently throughout the
forestry-wood production chain and to maximize the raw material yield, and to optimise and to monitor
the environmental impact, by linking the relevant information to the traced objects. This paper describes
novel RFID technology and traceability solutions that have been developed for the wood products
industry. RFID-marking connects the physical objects with their database counterparts thus allowing
automatic tracing of the objects. The architecture is needed to the dynamic and decentralised nature of
the wood industry. The developed novel RFID based technology allows tracing of individual logs from the
tree felling to the sawing of the logs at the saw mill. By combining the traceability and process
information systems, new methods are enabled for analysing the performance of the supply chain. As an
example, the environmental performance of a product can be traced and analysed even on an individual
level. This means that not only the performance from the own production of a manufacturer will be
accessible, but also the upstream processes that constitute the product value chain and the life cycle
performance for the product leaving the manufacturer.
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means to achieve the beneﬁts is the utilisation of traceability at
item level, i.e. at log and board level. This traceability requires
novel technology solutions. The results are also applicable to other
biological raw materials at large extent, thus opening up
opportunities for a wider use. The project consortium includes
29 partners from 5 countries: Estonia, Finland, France, Norway, and
Sweden.
The traceability systems are implemented at different nodes of
the forestry-wood production chain: in forest in harvesters, at saw
mills at multiple production steps and at secondary manufacturers
using the sawn boards. The traceability at item level – logs and
boards, allows monitoring and optimising the environmental
impact by linking the relevant information to the individual logs
and boards by using Traceability Services (TS) software – the
repository for item level traceability data and process level data,
and services to access and utilise this information by using selected
parts of the EPCglobal EPCIS interfaces [11] (Electronic Product
Code, EPC and respectively EPC Information Services, EPCIS).
Passive EPC Class 1 Generation 2 UHF transponders [12] which
are pulping compatible and biodegradable were developed to
achieve item level traceability for logs [9]. Also robust RFID readers
were developed for use in the forest in the harvesters and at the
saw mills. Printed ink marking methods were used for the boards.
The developed technology and the beneﬁts of its use are
demonstrated in Sweden in a case covering the complete wood
supply chain – from the tree felling in the forest to a secondary
manufacturer using the boards. Approximately 20,000 logs are to
be marked with RFID transponders. Parts of the system are also
demonstrated in France and used to study and develop the
manufacturing processes in Finland and Norway.
In this paper a prototype traceability system for the forestry
industry is presented. Section 2 deals with RFID (Radio Frequency
IDentiﬁcation) identiﬁcation required to trace the wood objects
automatically through the supply chain. Section 3 describes the IT
architecture that was designed and implemented to capture and
share the traceability information. Section 4 presents an example
case how the traceability can be used to monitor and analyse the
environmental performance of an organisation. Finally, the
conclusions are given in Section 5.
2. Traceability in the forest and wood industry
Making information available at different stages along the
forestry-wood production chain requires automatic traceability
systems. The developed systems are based on the Individual
Associated Data (IAD) concept; the measurement and processing
data are related to the individual logs or boards and the traceability
covers also the traceability of the data associated with the items.
For complete traceability, the items have to be automatically
identiﬁed at all processing steps and all the associated data has to
be stored and be retrievable. The associated data – traceability data
– is stored and made available with the traceability service which
is described in Chapter 3.
Automatic and reliable identiﬁcation of each item requires a
highly readable unique ID-code for each log or board. The forestry
and wood products industry sets additional requirements on the
item marking technologies: operation in harsh outdoor conditions
and industrial environments, suitability for the processing steps of
the items, etc. For the logs the selected technology is EPCglobal
Class 1 Generation 2 compatible passive UHF RFID-transponders
that have a long reading distance and allow a globally unique ID-
code for the logs with 96 or 198 bits of data with SGTIN-96 or
SGTIN-198 (serialized global trade item number). In the board
marking inexpensive ink marking is used and sufﬁcient uniqueness
of the ID-code is achieved in each process step for the boards in the
production chain at the saw mill.
2.1. RFID system for the log identiﬁcation
The RFID system consists of the transponders, their applicator
to the logs, readers and the middleware. The following require-
ments are set to the transponder used for log marking:
 High readability
 Pulping compatibility
 Automatic applicability
 Low price
The transponders are attached to the logs automatically by the
harvester during the log cutting after the tree felling or manually at
later stages of the supply chain, and the logs are identiﬁed using an
RFID reader and data collected by the harvester associated with
them. RFID readers are used also at the saw mill in the log sorting at
the log reception and in the saw intake. The special requirements
for the harvester reader include the following:
 Tolerance to four-season Nordic weather conditions in the forest.
 Tolerance to extreme shocks and vibration in the operating
harvester during tree felling and log cutting.
 Tolerance to liquids, dirt and impacts.
 Operation in proximity of large metallic bodies in the harvester.
The readers at saw mills are subject to industrial conditions
including outdoor temperatures, dust, dirt, vibration, shocks, and
impacts.
The requirements for the RFID systems are such that no
commercial UHF RFID solutions for log tracing satisfying these
requirements existed prior to the developed technology.
2.1.1. Transponders
The high readability for automatic log identiﬁcation requires a
long reading distance that is achieved with UHF technology. In
addition to the long reading distance, high transponder surviv-
ability is needed as only functioning transponders can be read.
Therefore, the transponder is inserted into the log so that it is
protected by the surrounding wood at different log processing
steps before the sawing. Wood as a natural material is challenging
environment for the transponder; its electrical properties are
strongly affected by the varying moisture content. For automatic
application into the wood, the transponder size and shape need to
be optimised for penetration into the wood while maintaining a
long reading distance.
Wood chippings made from the parts of the logs, which are not
sawn into boards are used as raw material at pulp mills. In
principle, the material to be pulped may contain no plastics, metal
or coal. Transponders for the forestry industry need to be made of
pulping compatible materials. The casing of the developed novel
transponder for log marking is made of durable artiﬁcial wood
material that is suitable for the pulping processes, has reasonably
low electrical losses, and is relatively inexpensive.
The developed transponder (patents pending) is approximately
an 80 mm long wedge that is inserted into the log end in the
harvester. The transponder is shown in Fig. 1. A reading range of
approximately 2–3 m was measured at the frequency range of
860–930 MHz for the transponder when inserted into fresh moist
logs [9].
2.1.2. Transponder applicator
The transponders are inserted into the log using an applicator –
a manual insertion tool or an automatic device in the harvester.
Both manual and automatic applicators were developed. Manual
marking of logs with the transponders is shown in Fig. 2.
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2.1.3. RFID readers
The logs are marked and identiﬁed when the tree is cut into
logs by the harvester. A robust RFID reader with a patented
adaptive RF front-end [13] was developed for installation on the
harvester head. The reader was tested to survive the outdoor
temperatures and to operate under vibrations and shocks at the
levels speciﬁed in ISO 15003 [14] (2 G vibration at 10–2000 Hz, 50
G shocks) for environmental resistance testing for electronic
devices for agricultural machines. The reader is enclosed into
robust cast aluminium IP67 casing. A photograph of the reader
prototype is shown in Fig. 3 together with a reader set-up at a saw
mill.
The RFID reader is controlled over a CAN-bus in the harvester
using EPCglobal’s Reader Protocol [15]. For implementing the
Reader Protocol over the CAN-bus a new Messaging/Transport
Binding (MTB) was developed.
At saw mills commercial RFID readers were used with specially
developed software for log identiﬁcation and singulation. The
readers were placed into robust aluminium casings to protect them
from possible impacts, dirt and dust. Robust metal antennas were
integrated to the reader casings. The integrated reader set-ups
were positioned over the conveyor at the log sorting where the logs
are received at the saw mill and at the saw intake before the logs
are sawn into boards at two saw mills; one in Sweden and another
one in Finland. The reader position over the conveyor allows the
reader installation at the saw mills with minimal changes to the
existing conveyors.
2.2. RFID data management
The volume of data generated by storing complete history of
movements of individual wood objects (tree–log–board–upgraded
product) throughout the supply chain is enormous. To be able to
use this information effectively, a data structure that supports
effective information retrieval is needed. In order to improve the
efﬁciency of the traceability data warehouse the event data
captured from RFID readers and process systems must be cleansed
and compressed.
The RFID-reader application reads the RFID-tag constantly
when the tag is within the readers range. So the raw RFID data is a
stream of observation tuples {reader, EPC, timestamp} where
reader is an ID of a reader; EPC is an Electronic Product Code that is
deﬁned by the EPCglobal Tag Data Speciﬁcation [16] and is used to
identify individual object; and timestamp is the time instant of the
observation.
The normal method used in RFID middleware applications to
reduce the amount of the generated RFID data is aggregation and
ﬁltering. Filtering includes normally the removal of certain
readings based on the reader id or EPC as described as in
aggregation types listed by Floerkemeier and Lampe [17].
 Entry and exit. This aggregation is used to reduce the successful
reads of the tag to two readings – in and out – i.e. when the object
appeared into readers’ range and when the object disappeared
from the readers’ range.
Fig. 1. Developed UHF transponder for marking logs.
Fig. 2. Manual application of the transponder into the log end.
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 Count. This aggregation type can be used to return only a total
amount of the similar objects. Similarity can be based to some
object property.
 Passage. In some cases the entry and exit observations may be
compressed to simple passage observation.
 Virtual readers. The RFID readers may be grouped to function as
one ‘‘virtual’’ reader. This enables the application to see them as
one reader with bigger read range.
Fig. 4 illustrates entry and exit observation detection. The row A
shows the timeframes where the object was in the RFID readers
read range. The row B shows the time frames in which the RFID tag
was detected by the RFID reader. The raw RFID data must be
cleansed to include only the entry event and exit event of an
observation. Cleansed RFID observations will be stored in a stay
tuple {reader, EPC, time_in, time_out} where time_in and time_out
attributes describe the time that item stayed in the location of the
reader.
By using the stay table the amount of RFID data will be
compressed by proportion of object reads by each reader.
RFID data may be compressed by using the object containment.
This idea is presented in [18,19]. The wood objects move in groups
inside some containment object during some steps in the forestry
wood supply chain. For example logs are grouped as truck loads
and transported to a saw mill. Boards are packed to package and
transported to customers or green boards are stacked as stick
package for drying and storing. In a saw mill that uses oak trees, an
oak log is sawn up to 20 boards. The boards are stacked as a boule
and the boule is dried for up to four years. During the drying the
boule is moved between different locations. If RFID tag is used to
mark the entire boule, the movement information of the each
board does need not be tracked and stored every time that the
boule is moved.
Same idea was presented by Harrison in [20], where he called it
as symbolic location. It means that the object can be contained by
parent object. In his paper a parent can also be a symbolic location
like certain warehouse or forklift truck. In this paper the parent
object is called as containment object and it is separated from the
location concept.
The readings made about containment objects like boule,
package or truck load can be stored to the same stay tuple {EPC,
location, time_in, time_out} where EPC is a identiﬁer of contain-
ment object. However to be able to trace the object to the
containment object, a tuple containment {co_EPC, EPC, valid_from,
valid_to} is needed, where co_EPC is a code of an containment
object, EPC is a code of an object contained. Also the validity of
containment must be stored so the valid_from shows when the
containment starts and the valid_to shows when the containment
relation ceases to be valid.
Usage of containment tuple will compress the amount of saved
RFID data by the proportion of objects in containment object and
movements recorded for each containment object. For example a
boule may contain 20 boards and it could be moved about 20 times
during drying process, which means that the amount of rows in the
database will be reduced from 400 records to 40 records. By using
the methods described above the amount of data that Traceability
Services stores to TS repository can be reduced.
3. Monitoring supply chain performance using RFID
In this paper, the traceability is more than just knowing the
location of an object. In addition to location information, it is
possible to connect the information about movements of the
products with the information about processes. In other words, it is
possible to allocate the properties of the processes – for example,
the environmental burden caused by the process – to the actual
product instances involved in each process. To be able to store and
derive this information systematically there is need for a model
that enables the allocation of process information throughout the
supply chain to the traced products. Theoretically, Traceability
Services data model, which enables traceability and visibility of
products in the distributed supply chain, is based on a general
tracing data model called the Traceability Graph [21] developed for
strict allocating any information of batches and individual
products in supply chains.
By rolling out the Traceability Services the organisation can
monitor and analyse the efﬁciency of its processes and value chain
in real time.
The solution connects the steps of the supply chain together and
provides a common data model for the whole supply chain. The
solution offers services for monitoring environmental, economic
and social performance of an organisation.
3.1. System architecture of Traceability Services
The purpose of the Traceability Services is to act as a repository
for item level traceability data and process level data and to
provide services based on this information. The traceability data is
created when object marked with RFID-tag passes a reader and an
Fig. 3. Developed RFID reader prototype for the harvester and a test reader set-up at a saw mill.
Fig. 4. Entry and exit observation detection/passage observation detection.
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event is recorded from supply chain. An event data contains unique
object identiﬁcation, location and time, for example: ‘At location X
in time Y the object with code XXX was observed’. The master data
provides context for the event data. For example by using master
data the previous RFID-event can be interpreted as: ‘At saw mill A
log yard slot B in 13.10.2009 the log with EPC code urn:epc:-
tag:sgtin:735004747.0001.22605 was observed’.
The system architecture of Traceability Services follows the
speciﬁcations of EPCGlobal Architecture Framework and is
presented in Fig. 5. In order to add process measurement
information to events, the EPCIS Standard was extended by
utilising the extension mechanism provided by the EPCIS
Speciﬁcation [11]. For example length of the log, volume of the
log and electricity usage during process.
Traceability Services Application is an application realizing the
EPCIS Accessing Application role and provides organisations the
information to carry out overall enterprise business processes
aided by traceability data (Tables 1–3).
TS Event Creators implement the role of MeasurementTransac-
tion Capturing Application which is a new role that was developed
to unify the handling of events from RFID Readers, Barcode Readers
and different Manufacturing Execution Systems. This role uses the
new interface, CaptureMeasurementTransaction, speciﬁed in Table
4, to deliver MeasurementTransaction Events to EPCIS Capturing
Application. MeasurementTransaction Event is a new data type
used for exchanging measurement data associated to observed
objects, for more detailed description, see Chapter 3.2.2. The
MeasurementTransaction Event type is used as a new event ﬁeld in
the EPCIS Events, see Fig. 6. By using the ALE interface
MeasurementTransaction Capturing Application allows integrat-
Table 1
Raw RFID data.
Reader EPC Timestamp
r1 epc1 t1
r1 epc1 t2
r1 epc1 t3
r1 epc2 t2
r1 epc2 t3
r1 epc2 t4
r1 epc1 t5
r1 epc2 t5
r2 epc1 t6
r2 epc2 t6
Table 2
Stay table.
reader EPC time_in time_out
r1 epc1 t1 t6
r1 epc2 t2 t6
Fig. 5. System architecture of the Traceability Services.
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ing of EPC compliant readers into the system by supporting the
Reader Protocol standard [15].
TS Adapters implement the EPCIS Capturing Application role
and capture the occurrences of MeasurementTransaction Events
and deliver them to EPCIS Repositories by using the EPCIS Capture
Interface. A new EPCIS Event type, Modiﬁcation Event was created
to support the evolving raw material, see Fig. 6. TS Adapter
combines the data received via the CaptureMeasurementInterface;
reader observations with business information acquired from
measurement systems and business applications via. Any Appli-
cation speciﬁc format can used to connect the business data to the
object observations.
3.2. Data Deﬁnition Layer
The Data Deﬁnition Layer deﬁnes the format of the data that is
used to exchange data between Capturing applications, Data
Repositories and Accessing Applications. To be able to exchange
the measurements associated to object observations the Data
Deﬁnition Layer is extended by introducing a new event type and
new event ﬁelds to the existing subtypes of EPCIS Event.
3.2.1. ModiﬁcationEvent
The Modiﬁcation Event is used when an object is used to create
new objects, for example a log is sawn to multiple boards. The
event has rawmaterialEPCs; list of EPCs that were use to create the
new object and the result EPC that is EPCs of the created objects. As
an example, when three boards (id2, id3, id4) are sawn from one
log (id1), three ModiﬁcationEvents are created by the EPCIS
Capturing Application. Each event has the same value (id1) in the
rawMaterialEPCs list as they were manufactured from the same
log. The result EPCs has the EPC of the created board. Measure-
ments information related to the created board is contained in
Modiﬁcation Event’s Measurement Transaction List ﬁeld. De-
scription for the types and ﬁelds deﬁned by EPC Global can be
found in [11]. In the tables below, the new ﬁelds are explained
(Tables 5 and 6).
3.2.2. MeasurementTransaction
MeasurementTransaction is a new Event Field developed in the
project. It contains the measurements made on the physical object.
MeasurementTransaction can be either information about Code
reads related to read events or measurement information of
physical object. MeasurementTransactionItem holds one value of
the related to the MeasurementTransaction, this could be for
example the length of the log measured by the harvester’s
Table 3
Containment table.
co_EPC EPC validFrom validTo
stick_package#1 board#1 1.1.2007 10.1.2007
stick_package#1 board#2 1.1.2007 10.1.2007
stick_package#1 board#3 1.1.2007 10.1.2007
– – 1.1.2007 10.1.2007
stick_package#1 board#100 1.1.2007 10.1.2007
stick_package#2 board#101 1.1.2007 Null
Table 4
CaptureMeasurementTransaction interface.
<<Interface>>
CoreCaptureMeasurementTransactionService
—————————
CaptureMeasurementTransaction (measurementTransaction:
List<MeasurementTransaction>):void
<<extension point>>
Fig. 6. Data Deﬁnition Layer.
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measurement device. The ﬁelds of the MeasurementTransaction
are described in Tables 7 and 8.
The ‘‘type’’ ﬁeld has two values which are described in Table 7,
as enumeration and it describes the type of the Measurement
Transaction. This is used for logic in the EPCIS Capturing
Application. It enables handling of different Code Readers and
Manufacturing Execution Systems as measurement devices, thus
making it possible to easily combine both the EPC codes from the
readers with measurement data from the measurement devices.
3.3. Traceability data repository
The TS repository provides a common data model for whole
supply chain. It is used for storing traceability data and master data
from the supply chain. The master data acts as context to event
based observation data. The data model for the TS repository
extends the traditional RFID traceability data models [18,20,21] by
allowing system to store the event data together with the
associated process measurement data.
The theoretical background of traceability data repository is
based on the Traceability Graph – detailed introduction in [21] –
that enables to model the supply processes of products and patches
with associated resources and emissions. The Traceability Graph
has the ability to manipulate the transformations of the products.
In a supply chain, products or patches may be divided or composed,
and, thus, the related resources and emissions must be divided or
aggregated, respectively. Resources and emissions are accumulat-
ed through a supply chain. The Traceability Graph has an ability to
allocate and accumulate these properties of processes thorough
supply chains. In the present paper, the theoretical and technical
details of the Traceability Graph are bypassed.
In the visual representation, a process node of the Traceability
Graph is illustrated as circle whereas steps (edges) between
processes are illustrated by arrows. Three types of edges are
distinguished: (1) Plain edge (illustrated by plain arrow), where
products are sifted from a process to another as such. (2)
Composition edge (illustrated by multi-line start), where the
products of the start node are components for the end node. (3)
Division edge (illustrated by double head arrow) means that the
products of the start node are divided in the end node.
Fig. 7 presents the running example as the visual symbols of the
Traceability Graph. The processes included in the example are
felling the trees (harvesting), transporting the logs to the saw mill,
sawing logs to boards, drying the boards, packaging the boards and
transporting packages to secondary manufacturer, where boards
are cut to pieces that are used to manufacture a window frame.
In Fig. 7 the coloured nodes (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web
Table 5
Action ﬁeld for ModiﬁcationEvent.
Action value Meaning
OBSERVE The EPCs named in the raw material list have been
used to create the parent object(s) during this event.
Table 6
New event ﬁelds for ModiﬁcationEvent.
Field Type Description
rawMaterialEPCs List<EPC> An unordered list of the EPCs of the
raw material objects. More detailed
speciﬁcation can be found from [2].
resultEPCs List<EPC> An unordered list of the EPCs of the
resulting objects. More detailed
speciﬁcation can be
found from [2].
Table 8
MeasurementTransactionTypeId ﬁelds.
type value Meaning
MeasurementReader Any device or system that measures physical
properties of the object
CodeReader Any device or system that reads the object marking
from the physical object
Fig. 7. Example Traceability Graph.
Table 7
MeasurementTransaction type.
Field Type Description
Type MeasurementTransactionTypeId See Table 8.
physicalIdCode physicalIdCode The physical ID code (object marking) is physically attached
to the object. The physical ID code can be an RFID tag, punched marks,
ink, barcode labels etc.
Epc EPC URI denoting the unique identity for a physical object.
More detailed description, see [2].
MeasurementTransactionItemList List MeasurementTransactionItem Collection of data gathered by the reader.
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version of the article.) are the processes that constitute the supply
chain of the window frame. This sub graph of the total Traceability
Graph is the supply chain of the window frame.
To be able to analyse the huge amount of data that is stored to
the traceability data repository a multidimensional model is
created from the tables presented in [21] and an online analytical
processing, OLAP cube [23] was created from the traceability data.
The OLAP database provides a possibility to analyse the informa-
tion much more efﬁciently and to provide support for complex
analytical queries.
By combining the process information of the supply chain and
the traceability data about products travelling through the supply
chain the Traceability Services enables new methods for analysing
the performance of the organisation. The properties of products
can be compared between different steps; e.g. the measured log
length in harvesting vs. the log length in the log sorting at the saw
mill. Another possibility is to analyse how a certain product
property affects another product property. For example, how the
area of origin of the log affects the board quality.
In Fig. 8 there is an example where the user compares log
diameter measurements in the forest and in the saw mill. Based on
this information a company can calibrate its measurement devices
automatically.
In addition to item level property correlation the traceability
information can be used to monitor the environmental perfor-
mance of a supply chain. By combining the information about raw
material use, resource consumption, energy use, generation of
waste, production volumes and the observations of the object
movement through supply chain the environmental impact can be
analysed at the item level.
4. Monitoring environmental performance
Continuous monitoring and control of processing conditions
and product quality is normal procedure in most of today’s
industrial production. Introduction of the necessary tools for a
similar follow-up on the environmental performance of the
production processes and the generated products gives the
industry the opportunity to be more actively involved in
environmental protection. Such process application that accounts
for environmental performance was developed and applied on a
municipal wastewater treatment plant in the EU project HIPCON
[22]. This is one part that also is developed in Indisputable Key
traceability system and applied and tested in the wood
manufacturing industry. The environmental performance related
to the products in this system is registered in the traceability
system and accessible to the industrial users.
The innovative in this context in the Indisputable Key system
scope is that it is now possible to trace environmental data from
the value chain to an individual product. This means that not only
the performance that the manufacturer can evaluate on-line from
the companies own production unit are accessible, but also the
upstream processes that constitute the product value chain and the
life cycle performance for the product leaving the manufacturer.
This is one dimension beyond conceptual pioneer earlier work at
Chalmers University, where the scope was to collect data on-line
from different industries to a common data domain to make it
possible to share the information [23]. The scope elaborated here
furthermore supports the full traceability that is essential to proof
e.g. origin of harvesting and the legal condition as well as the
environmental performance.
On-line monitoring of the environmental performance brings the
potential to detect appropriate improvements in the process to limit
the environmental impact caused by the production. The system
developed for on-line monitoring of environmental performance is
not restricted to the wood products industry. The same system
layout can be applied in any production chain or process.
The conventional approach for analysing the environmental
impact of product manufacturing is to calculate the yearly average
impact based on annual information. Compared to that approach
the more detailed information recorded in the traceability system,
collected from different parts of the supply chain and related to an
Fig. 8. Analysing the associated data between processes.
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individual product or a product batch, provides a much more
effective base for proactive environmental management in the
industry.
4.1. Environmental key performance indicators, KPI
Key performance indicators (KPI:s) are measurable and
quantiﬁable indicators that reﬂect the environmental performance
of a business or a process. Speciﬁc indicators on environmental
performance have been suggested by several researchers, and vary
both in number and in the way they are calculated. Singhal et al.
[24] suggest a number of KPI:s that are different from the ones
suggested by the Department for Environment, Food and Rural
Affairs in the UK (DEFRA) [25]. The latter suggest a number of KPI:s
to facilitate environmental reporting of a business. Other sugges-
tions of environmental KPI:s exist that for instance propose a
further integration of the indicators. The number of suggested
KPI:s varies widely and while DEFRA suggests twenty-two (22)
indicators, Steen et al. [26] suggest that a set of three (3) indicators
is sufﬁcient in order to interpret the result. Another way to
constitute the indicators is to follow the Eco-Efﬁciency concept i.e.
to deﬁne a quota based indicator where the environmental
performance is divided by an economical aspect [27].
Within Indisputable Key, it was desirable to select a common
set of sector speciﬁc environmental KPI:s that makes it possible to
benchmark the environmental performance between different
companies [28]. In order to support cooperative and supply chain
approaches to minimise environmental impact, it was found
convenient to use such KPI:s that are possible to sum together from
different steps in the value chain. Such KPI:s makes it possible to
calculate the integrated performance in the value chain. Therefore
indicators based on established Life Cycle Assessment (LCA)
methodology deﬁned in ISO 14040, -44 [29,30] was found
adequate for the system.
It was decided to follow the approach established for
environmental product declarations, i.e. a set of environmental
indicators for the major impact categories found on LCA
methodology. The set of environmental KPI:s deﬁned here makes
it possible to keep the information presented to the industrial user
at a comprehensible level, while still meeting the project objective
to create a tool that includes environmental impact from a life-
cycle perspective. The majority of the proposed KPI:s were
established in line with international LCA practice as it is applied
for Environmental Product Declarations (EPD) [29,30], with some
additions of speciﬁc KPI:s of particular interest for the wood
products industry. Eleven (11) indicators were used in the project
with the aim to be in line with the forthcoming set of indicators
valid for EPD for building products within EC [31]. The selected
indicators are listed below:
1. Climate change
2. Acidiﬁcation
3. Eutrophication
4. Stratospheric ozone depletion
5. Ground level photochemical ozone
6. Depletion of non-renewable resources
7. Human and ecological toxicity
8. Biodiversity
Fig. 9. Environmental impact drill through. Environmental KPI performance may be followed on-line and summarised with upstream information so that e.g. EPD may be
produced.
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9. Resource use
10. Generated waste
11. Water emissions
An overview of the LCA procedure, creating the base for the
selected KPI:s, is presented in [29].
The KPI:s reﬂect the environmental impact of production. Thus
the aim for an industrial user is to keep the values of the KPI as low
as possible. In Fig. 9 the analytic potential of the traceability data
repository is presented. By using the OLAP methods the traceability
data in the traceability data repository can be analysed in different
granularity levels.
The user can view the result with different levels of detail. The
ﬁrst table presents the most aggregated level of information which
is the total accumulated KPI value for all the stages of the entire
production chain. From that it is possible to drill down and get
information on the contribution from separate stages (e.g. log
sorting, sawing, green sorting, drying, ﬁnal sorting and packaging).
From there it is possible to analyse which of the used resources has
the largest contribution to the selected KPI for each production
stage. The user can also drill down to a time trend information
about emissions and see how the environmental impact has
developed.
4.2. Environmental beneﬁts
The environmental KPI:s should be viewed as a tool for the
industrial user to enhance the company’s environmental manage-
ment and thus taking an active part in contributing to environ-
mental protection. As such, the tool brings great potential beneﬁts.
The actual magnitude of the environmental beneﬁts for an
industrial user depends on the involvement and interest of the
personnel. Company policies can play an important role. A
company with a clearly stated policy for environmental manage-
ment, with the goal to reduce its impact on the environment, has
already the necessary incentive to motivate the personnel into
active use of the KPI:s.
In order for a company to take actions towards a more
environmental friendly production, the ﬁrst step is to assess the
current environmental impact of the product. When this is known,
potential improvements can be identiﬁed and actions can be
taken. The current status of environmental impact is documented
in the initial inventory that precedes the conﬁguration of KPI:s in
the Traceability Services. The industrial user can then follow-up
on the KPI:s in the TS and benchmark against the inventory results,
aiming for improved production compared to the annual averages
that were the outcome of the initial inventory. The important
extra beneﬁt from a more detailed follow up on the environmental
performance is the possibility to study and take action on
variation over time. Allocation of KPI:s to individual items, such as
logs and boards, which is the novel idea developed in Indisputable
Key adds an extra dimension to the production control and
reﬁnement. The information collected in the traceability system
enables a continuous improvement and ﬁne-tuning of the
production stages.
The methodology developed in Indisputable Key, which
introduces traceability in the wood supply chain and a tool for
calculating environmental KPI:s, has a major advantage in
preventing the risk of sub-optimisation caused by overlooking
effects in other parts of the supply chain. Traceability enables the
complete view of the entire supply chain, as exempliﬁed in Fig. 9.
With this kind of information available the industry can easily
identify which parts of the supply chain are the ‘‘hot spots’’ with
respect to the environmental impacts monitored by the KPI:s.
Collaborative action can then be taken by the actors in the supply
chain to reduce the impact, starting with the most critical stages
(Fig. 10).
The system architecture developed in Indisputable Key creates
a link between the ﬁnal product and its origin. This makes it
possible to trace information up-streams in the supply chain all the
way to the harvesting of the tree. In other words, the origin of a
wood product (e.g. when and where the tree was cut) is possible to
read from the traceability system. This feature can help prevent
illegal cutting and it can provide the information needed to
guarantee that a product is made from wood coming from certiﬁed
forests.
The environmental KPI:s harmonize with the required content
of an Environmental Product Declaration (EPD) [31], thus
facilitating the creation of EPDs for the products of the industrial
user. EPDs describe the environmental characteristics of a product
or a service from a life cycle perspective. The overall goal is to
provide relevant, veriﬁed and comparable information to meet the
customer and market needs. An EPD can be used for benchmarking
the product against other products that could serve the same
purpose. In a time with increasing environmental awareness, the
fact that a product or service is ‘‘green’’ creates an added value
amongst the customers.
Active monitoring and control of the environmental impact of
production has the additional advantage that it can raise attention
to process improvements that might otherwise be overlooked. The
Fig. 10. Information about direct emissions contributing to the KPI Climate Change (in the unit CO2 equivalents) from production of a window frame is collected from the
different stages in the supply chain. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of the article.) The tracked item
is illustrated with the colour red.
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fact that the KPI:s take into account the environmental burden
from manufacturing of resources used by the wood products
industry (e.g. electricity, diesel and glue) makes it possible to
detect excessive use of external resources. Limiting the use of
resources has a positive effect on the environment as well as the
economy of production, which is sometimes of higher priority for
the industrial user.
5. Economic beneﬁts
Current experiences from different manufacturing industries
indicate RFID systems in general are more efﬁcient than other
identiﬁcation systems concerning logistic performance [32]. In the
Indisputable Key project the traceability system was implemented
at industry gate-to-gate in France. This implementation improved
the stock management by reducing errors from 0.6% to 0.3% and
the costs of the stock management is estimated to be 70% less using
traceability than the old system. Also, the average ﬁll rate of dryers
was increased from 77% to 88% [33].
A greater economic potential is supposed if the entire or larger
part of the value chain business-to-business (B2B) is covered by
the tractability system, covering typically forestry harvesting to a
saw mill or a secondary wood manufacturer. The cost of the
traceability can be reduced by marking only some portion of the
logs. For example by marking few logs per day in harvesting
companies can compare log diameter measurements in the forest
and in the saw mill. Based on this information a company can
calibrate its measurement devices automatically, thus reducing
manual work. This kind of information can also be used for
research purposes like examining which area provides the best
yield at sawmill or boards with best quality.
It has been estimated that the biggest problem in forestry wood
supply chain is downgrading of wood, because the information is
not available throughout the supply chain. RFID traceability
system could reduce this amount remarkably. In the Indisputable
Key project in the Swedish supply chain by marking of only 0.5% of
the logs with the transponder in forest would enable saw mill to
produce more of the most valuable product, thus adding value of
the product with 8.5 s/m3 [33]. This improvement is based on
using the information of wood properties from the forest to assort
logs in a quality classes optimised to ﬁt the ﬁnal product
requirement, closing the information gap between the forest
and the sawmill, i.e. the entire value chain B2B.
The cost of the RFID marking consists of the costs of the RFID
reader installations and their maintenance and of the price of RFID
tags, which is main constituent of the overall cost of the system.
The pricing of the tags depends strongly on manufacturing
volumes and the typical price range for the tags can be estimated
to be of the order of 0.1–1 USD when purchased in large numbers.
6. Conclusions
Novel technology for traceability in the forest and wood
industry was developed; pulping compatible UHF transponders for
marking logs, robust RFID readers for harvesters and saw mills. The
software architecture for acquiring and sharing the traceability
information was designed and implemented. The Traceability
Services connects the steps of the supply chain together and allows
new methods to analyse the performance of the whole chain and
any process within it. The developed architecture which is based
on EPCGlobal architecture allows sharing traceability data within
and across enterprises.
The development in the Indisputable Key project has provided
the tools necessary for the wood industry to become more
proactive with respect to environmental protection. Monitoring of
environmental KPI:s makes it possible to achieve the following
advantages for the industrial user:
 Status of environmental performance.
 Detection of potential improvements.
 Basis for optimisation of environmental impact.
 On-line monitoring and control of environmental impact.
 Environmental benchmarking.
 Environmental management.
 Marketing purposes such as EPDs or support for eco-labelling.
The magnitude of the achieved beneﬁts are very much
dependant on the industrial users engagement and interest in
making use of the developed technology. This study demonstrated
the readiness of RFID technology application in the forestry wood
industry.
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